" iy .‘.‘xr E “ T
. »ﬁ...,w«u ) o

i

b el iy
4 _,vﬂw, :
CRAREY L
SR T
# .
)
BANNEY
\
S
RETE!
ey A
L -
. >
3 " 3
2 L]
LN N M / v -

R 74X OR AD NUMBEM)

' . ! { WGP MUOL ALiNIDV4

- U e o e

¥ .
Lo
) !
.
« . +
Lo oy
N ,

; 5 '
] . "y
G BRI U NP SR AT S

i ot R

e [ICET R I T




MECHANICAL TECHNOLOCY INCORPORATED
368 Albany Shaker Road
Latham, New York

MTI-62TR26

ANALYSIS OF THE AYDROSTATIC JOURNAL
AR THRUST GAS BEARINC FOR THE
NASA AB-5 GYRO GIMBAL BEARING

By

. Lund
. Wermick
. Malsnogki

|2 - o)
[ BN

Contract No. NAS8-2588



Technical Repor! MTS 6Z1nl4
October 23, 1962

ANALYSIS OF THE HYDROSTATIC JCURNAL
AND TMRUST GAS BEARING FOR THE
NASA AB-5 GYRO GIMEAL BEARING

Yy
J. W Lund
R 1. WUWernick
S. B. Malanoski

Prepared under

Coniract NASB-2588
Subcontract 213-03-72120-6244

Supported by

National Aercnautics and Space Administration
RHuntsviile, Alabama

Administered by

The Genmersal Electric Company
Pittafield, Massachuseits

Reproduction in Whole or in Parc is Permitted
for any Purpose of the U.S. Government

MECHANICAL TECHNOLOGY INC.
LATHAM, N.Y.



TABLE OF CONTENTS

LIST (F FIGURES

AT s e Y e w W e e A Y A e T W B e e M e e m e M A Y e e Or AR = e am = e

ABSTRACT
INTRUCTION
RESULTS
1. Orifice and Millipore Characteristics
2. Bearing Dimensions and Air Data =~~~
3. Bearing Stiffness and Flow at Eccentricity = 0___
4. Bearing Loac vs. Eccentricity Katio_____
5. Dynmmic Beaving Stiffuess =~~~
6. Turbdbinz Torque_ ___
7. Suwasry of Results
DISCUSSION_____
CONCLUSIONS
RECOMMENDATIONS = .
ACKNCWLEDGEMENT
REFERENCES =~
APPENDICES

Appendix A: General Equations___
Appendix B: The Static Load Carrying Capacity of

Hydrostatic Bearings with Orifice

Restricted Line Feeding =
Appeundix C: Static Load Carrying Capacity of Hydro-

static Journel Bearinyg with Orifice

Source Peeding
Appendix D: Reformulation of an Infinite Series ~

Encountered in the Analysis Performed

in Appendixc___
Appendix E: Static Load Carrying Capacity of Hvdro-

static Thruat Bearing with Orilice

Source Feeding
Appendix F: Effect of Eccentricity Ratio on the Load

Carrying Capacity of Hydro:catic Journal
Appendix G: The Dynamic Load Carrying Capacity of the

Hydrostatic Journal Besring with Orifice

Restricted Line Peeding
Appendix H: The Dynamic Load Carrying Capacity of the

Hydrostatic Thrust Bearing with Orifice

Restricted Line Feediag



TABLE OF CONTENTS (Cort.)

Page
FORTRAN LIS1:NGS OF COMPUTER PROGRAMS:

1. PNOG20: 3Static Load and Flow for Journal

and Thrust Bearing with Line

Source Feeding e 93
2. PNOU3': Static Load for Thrust Bearing with

Point Source Feeding_ 104
3. PN0OO40: Static Load for Journal Bearing with

Point Source Feeding 107
4. PNOO45: Static Load for Infinitely Short

Journal Bearing with Line Source

reeding 125
5. PN0QO47: Dynamic iLoad for Journal and Thrust

Bearing with Line Source Feeding 128

FIGURES 1 to 33

NOMENCLATURE



-ii-

LIST OF FIGURES

Fig. 1 Geomerry of Gimbal Air Bearing
2 Vene Contracts Coefficient
3 Journal Bearing - Dimensionless Loa&d vs. At
4 Journal Beagring - Dimensionless Flow vs. At
5 Thrust Bearing - Dimensionless Load vs. f&
6 Thrust Bearing - Dimeasionless Fiow vs. 1&
7 AB-5 Pierced Holes Airbearing. Radial Stiffness vs. Clearance
8 AB-5 Pierced Holes Airbearing. Radial Loading - Sieeve Flow vs.
Clearance
9 ABR-5 Pierced Hores Airbearing. Axia] Stiffness vg. (leasrsnce
10 AB-5 Pierced Holes Airbearing. Axial Loading - Endplate Flow vs.
Clearance
il AB-5 Millipore Airbearing. Radial Stiffness vs. Clearance
12 AB-5 Miliipore Airbearing. Radial Loading - Sleeve Flow vs. Cleersnce
13 AB-5 Millipore Airbearing. Axial Stiffness vs. Clearance
14 AB-5 Millipore Airbearing. Axiul Loading - Fndnlate Flow vs.
Clearance
15 Journal RPearing - Load and Flow Optimigzation
16 Thrust Bexring with Recess. N=12. Downstream Orifice Pressure vs.
Source Strength
17 Thrust Bearing with Recess. N=12. Diu. Losd vs. Source Strength
18 Thrust Bearing without Recessz. N=6,12,18. Downstream Orifice
Pressure vs. Source Strength
1¢ Thrust Bearing without Recess. N=6,12,18. Dim. Load vs. Source
Strength
20 Axial Loading - Air Gap vs. Load. P‘=}4.6 psia, AP=12.8 psi
21 Axial Loading - Air Gap vs. Load. P‘-14.6 psia, AP=1.25 psi
22 Axial Loxding - Alr Gap vs. Load. Pa'7'0 and 1.0 pria, AP=1.25 psi
23 Radial Loading - Air Gap vs. Load. P.-za.s psia, AP=12.8 psi
24 Radial Loading - Air Gap vs. Load. P‘-IQ.S psia, AP=1.25 psi
25 Kadial Loading - Air Gap vs. Load. P.-7.0 ard 1.0 psia, AP=1.25 psi
26 Jouraal Bearing - Dvnamic lLoad vs. Frequency Number
27 Journal Bearing - Load Phase Angle vs. Frequency Number
28 Journal Bearing - Dynaxic Moment vs. Frequeancy Number
29 Journal Bearing - Moment Phase Angle vs. Frequency Number
30 Thrust Bearing - Dynamic Load vs. Frequency Number
31 Thrust Bearing - Load Phase Angle vs. Frequency Number
32 Thrust Bearing - Dynaeic Moment vs. Frequency Number

33 Thrust Bearing - Moment Phas: Angle vs. Frequency Number



ABSTRACT

This report preeents a summary of the work performed by Mechanical
Technology Incorporated under Contract NAS8-2588 (Subcontract 213-03-72120-6244
with the General Electric Company), entitlad "Gas Lubricated Gimbal Bearing
Investigation," with the National Aeronautics and Space Administration,
Hunstvilie, Alabama.

The investigation is an analytical study of the static and dyn~nic load
carrying capacity and the flow for the externally pressurized, gas lubricated
journal and thrust bearing with orifice restricted feeding.

The investigation comprises the following analyses:

1. An approximate analysis o! the static load and the flow for the journal
and thrust bearing, restricted to small values of the eccentricity
ratio. The number of orifice restrictec teceding holes is assumed to
be large such that the feeding planes become line sources. The
solution is a first order perturbation calculation on the eccentricity

ratio.

o

An snalysis of the static Joad and the flcw for the thrust bearing

where the orifices are represented by point scurces.

3. An approximate analysis of the static load and the flow for the
journal bearing with the orifices as point sources. The analvsis is a
first order perturbation calculation on the eccentricitv ratio ¢, i.e.,
the results are valid for small ¢ only.

4. An approximate analysis of the static load for the journal bearing,
valid for all eccertricity ratios. The feeding planes are taken as
line sources and the bearing is assumed to be infiniteiy short.

5. An approximate analysis of the dynamic stiffness for the journal and

the thrust bearing. The feeding planes are represented by line

sources and the solution is a first order perturbation calculetion on



the amplitude, i.e., the results are limited to motions with small
samplitude. The motion is a harmonic vibration around the concentric
position and is either a pure translation or a pure transverse
rotation.

ALl five analyses have been prograsmed fer tae IBM 704 computer. Numerical

results &re¢ obtained and compared to tzst data.



ANTRODUCTION

The ex*ernally prassv izzd, gas lubricated gimbal axis beariny for a gvyro-
scope in a missile mr- . meet a series of severe specifications. As specifically
related to the - cs-urized gas bearing the most Iimportant of these specifica-
tions ar-

1. The bearing must be capable of withstanding high static and dynamic
loads iwmposed by acceleration and vibratione during launching and
space flight conditions.

2. The bearing and its auxiliary equipmeat should have minimum weight,
volume and power consumption.

3. The error drift rate caused by turbine torque should be as low as
possible.

4. The bearing must be stusble.

The design problems arising from theve specifications -equire for their
solution a development of menuracturing techniques, experis. .7al methods and
theoretical analysis. It is tlLz purpose of this report tu .- :ribe the
analytical methods which have »cen developed to assist in th  design of the
gimbal gac bearing. The presenr analysic has three obje- - :s:

a) to furnish methods for aprtimization of the e ;-

b) to calculste the load carrying cepacity ane - flow of the bearing,

¢} to calculate the dynamnic bearing stiffness [3r use in & resonant
frequency calculation.

In formulating the thaoretical analysis the two basic equations are:

1. Reynolds equation which represents the bearing gas tfilm (seme eq. (A.5)
and (A.17), Appendix A). This means that gas inertia, turbulence and
shock conditions are not considered. Furthermore, the ges film is

assumed to be isothermal.
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2. The therwodynamic, one-dimensioral orifice flow equation (eq. {A.22),
Appeadix A). The equation contains a vena contracta coefficient to
define ‘he effective flow area through the orifice. This coefficien:
is determined experimentally.

tence the tasic requirement of the analysis i8 to find methoeds for solving
Reynolds equation and the orifice equation simultaneously. In general, these
equalions are too complex to permit an exact solution so that instead various
approxiuate solutions have been obtained, each serving its particular purpose.

The first solution assumes that the number of feeding holes in a feeding
piane is sufficiently large to let the fezauing planes become line sources.

This simpiification allows a direct soluticn of the thrust bearing whereas the
journal bearing with its circumferentially varying film thickness is solved by
& first order perturbation on the eccentricity rstic ¢ (i.e., the resuits are
valid for swall ¢ values only). The advantage of the colution is that the
resuits for the load and the flow are funciions of only three parameters: the
L/D ratio, the oressure ratio Ps/Pa and the feeding parameter At (see Fips. 3-
6) . Hence t'e analysis provides an easily interpreted, vet comprehensive
picture of the bearing performauce sc that the effect of a2 change in anv design
parameter is readily evaluated.

The secow. solution uses a @ore accurate representation cf the orifices by
msking thaw discreet point sources. For the thrust bearing,Reynoldr equation
reduces to Laplace's equation und an exact solutiun can be obtained for all
eccentricity ratios (i.e., for all values of the film thickness). The journal
vegring, however, does not have a uniform film thickness and therefore an exact
solution cannot be obtained. Restrictiang the snalysis to small eccentricity
ratios & first orae:r perturbatica calculation is performed whi:h gives an
accurate evaluation of the dearing stiffness at ¢ = 0. To find the journal

bearing loed vs. eccentricity ratioc relatiomship for large values of ¢ on
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approximate analysis ii made. The analysis assumes cthe orifice feeding to be

a line source and ia addition that the bearing is infinitely short (i.e., that
the axi=l flow gradient is much lerger than the circumferential flow gradient).
This results in a load 78. ¢ curve which may be improved by normalizing it with
respect to the accurately calculated siope (stiffness) at ¢ = 0.

The last part of the analysis is concerned with the dynamic stiffness of
the bearings. In this case Reynolds equation becomes non-linear. Limiting the
analysis to harmonic vibrations with small amplitude around the concentric
journal position, a numerical calculation i8 carried out by means cf a rirst
order perturbation solution. The analysis assumes two vibratory motions:
either a pure translation or a pure transverse rctation. Hence the increase in
bearing stiffness caused by the squeeze film effect can be estimated (see Figs.
26-33) and included in a resonant frequency calculation.

All the above analyses have been programmed for the IBM 70’ cowouter.
Fumerical results have been cbtazined and ccmpared tn experimental data (see

Figs. 7-14 and Figs. 20-25).



RESULTS

The scope of the investigation is outlined in the preceeding section. The
gencral theoretical background and all the anelyses are given in detail in the
apovendices. Thie section is concerned with the numerical results of the
investigation as thev are given in Figs. 1-33. The results are of two cate-
gories: a) general dimensionlccs data from which the effect of a change in
design perameters may be evaluated, and b) specific numerical data for compari-
son with test data.

1. Orifice and Millipore Characteristics

The thermodynamic, one dimensional orifice flow equation is given by
eq. (A.22). To account for the effective orifice arza the equation
contains a vena contracta coefficient \ which is evaluated by fitting
the theoretical equation to NASA test data 2588-1 tc -4 giving the
orifice rlow as a function of downstream pressure for a fixed supply
pressure. The results for the sleeve and the endplate are given in
Fig. 2 and serve as a basis for the subsequernt calculations. 1In
additien to using orifice restricted feeding, tests hav~ also been
conducted with millipore restriction. The millipore restrictor is a
filter of five layers: 2 screens, 2 cement wafers and a membrane
f{ilter. An empirical expression is used to descridbe the characteristics
of the millipore, eq. (A.29), which contains five experimentally
evaluated coefticients. From NASA test deta 2588-21 to -27 of the

millipore flow as a function of supply pressure for a fixed downstream

pressure these coefficients are found to be:



Sleeve No. 4 Endplate No. 2 and No. &
a = 3,892 3.859
B = 1.406 1.267
C(psx"l) = .101 108
D(psi) = -.335 -.40
a2(in?) = 1.399.107° 1.348.16°°

2. Bearing Dimensions and Air Data

The general besring geometry is shown in Fig. 1. The actual bearing
dimensiong are summarired below as taken from NASA drawings:
orifice bearing: D10581725, C16582503, F10582504, r10582710
mi]lipore bearing: D10582619, FX1783550, BX1796031, BX1796032, FX1795040
Orifice Bearing Millipore BRearing

Sleeve No. 5256 Sleeve No. 4
Endplate No. E339,E445 Endplate No. 2&4

Lrngth outside

feeding planes : L .724 724
lLength butween
Journal feeding plares L1 1.2532 1.2532
Bearing Bearing dia. D 2.1622 2.1625
Radial clearance: C .00055, .000925 .0005, .00074, .00095
Orifice radius 8 .0025 -
Feeding hole
diareter . d .028 .028
Number of feed-
ing holes : N 32 48
Outer radius : Rl 1.057 1.0676
Inner radius : R2 .650 .650
Orifice circle
Thrust radius : Rc .835 .835
Bearing Axial clearance : C .0008 5 .00055, .00075, .001
Orifice radius : a .0033 -
Feeding hole
diameter : d .018 .028
Number of feed-
ing holes : N 12 18
Depth of recess : hr .0002 .0002
Radius of recess: R . 109 . 199

(all dimensione in inches)

The air is at 7S°F with:

Viscosity P o= 2.83.1()-9 lbs.seciinz
(Gas constant).(Total temp.) : RT = 342,500 in
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Four ratios of supply pressure to smtient pressure have been tested:

Ambient Pressure Supply Pressure Pressure Ratio

P oy P V="p/P

& s s s a
psia psig psia

16.7 12.8 27.5 1.87075
14.7 1.25 15.95 1.08503

7.0 1.25 8.25 1.17857

1.0 1.25 2.25 2.25

Bearing Stiffness and Flow at Eccentricity = 0

The first part of the investigation is based on an analysis which is

a first order perturbaticn solution on the eccentricity ratio ¢ around
the concentric jourmal posi*ion (Appendix B and ). Hence the analysis
gives results for the stiffness and the flow at ¢ = 0 ior the journal
bearing and the double acting thrust bearing. In dimensienlecs form
the results are given in Figs. 3-6 as function of the feeding parameter
At' This parameter may be visualized as expressing the ratio between
the bearing flow resistance and the orifice flow resistance. When the
bearing resistance is very high (f. inst. for a very small clearance)
or the orifice resistance is lcw, then there is no pressui. drop
through the orifice. Hence, the pressure is uniform around the cir-
cumierence of the journal bearing and there is no ioad carrying capacity.
In other words, as At4>¢ﬂb. the locad —» 0. Conversely, when the bear-
ing resistance is small (f. inst for e very large clearance) or the
orifice resistance is high, the pressure dowmstream from the orifice
reduces to smbient pressure and again there is no load carrying capa-
cicy, i.e., az At-*-o, the load —& 0. Therefore, the load has a maxi-
mum value for a given bearing geometry and a given pressure ratic,
corresponding to a particular value of At‘ This is the case for both
the journal bearing and the double acting thrust bearing as shown by

Figs. 3 and 5. Thus, in genrral the dearing clearance and the orifice
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area should be chosen to give a it wihich corresponds to the maximum
load. This is illustrated in Figs. 7 9, 11 and 12 wherc the orifice
area is held fixed while varying the clearance. It should furtlermore
be observed that for a fixed At and a given ambient pressure, the f{low
increases with “he cube of the bearing clearance. Hence, from the
point of v.ew of minimizing the flow. =2ad still have a maximum load.
i.e., At unchanged, the clearance should be as small as consistent
with manufacturing coneiderations. However, the bearings capacity for
shock absorbtion is dimini-lied by reducing the clearance so that a need
for a compromise is indicated.
In applying the above approximate line source analysir tc an actual
bearing design it is apparent that there is a need for introducing a
correction to account for the diffcrence between the idealized model
and the actual bearing. Experience h&s shown that ti- analvsis is able
to predict the bearing flow rather accurately, from which it can be
deduced that thé analysis also calcul&tes the downstream orifice pres-
sure correctly. However, the analysis ignorrs the reduction of pres-
sure between the orifices so that the calculated load tends to be too
large. The load is generated by the circumferential pressure variation
set up by the eccentric journal, or expressed in terms of the analysis,
by the pressure perturbation on the symmetrical, concentric-position
presgure. This variation (or perturbation) is governed by the slope
of the orifice flow vs. downstream pressure relationship at the operating
concentric journal position (see. Fig. 4, Appendix B). Therefore, it
seems reasonable to attempt to apply an empirical correction factor to
the slope whilz recognirzing that s formal justification is lacking. A
correction factor of 2.0 has been used in calculating Figs. 3, S, 7, 9,

11 and 13, {.e., m; in Appendix B has been multiplied by 2.0. The
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analysis is programmed for the IBM 7C/% computer.

Figs. 7-14 show a comparison between NASA test data {2588-5 to 20,

-38 to 50 and data of June 26, June 28 and Jjuiy 10, 1962) and theoreti-
cal regults obtained as explained above. The agreement is quite satis-
factory.

The same analysis is used to study the effect of the axial position

of the feeding planes in the journal bearing. The results are shown

in Fig. 15 where the sbscissa is the ratio of the distance between the
feeding planes and the total bearing length. The curves give the maxi-
mum obtainable dimensionless load together with the corresponding values
of the dimensionless flow and the feeding paramecter At' Within a
practical range for the feeding plane distance the load does not exhibit
a maximum as long as At is changed according to the given curves. If

At is kept constant, though, while :ne distance is changed, an optimum
feeding plane position can be determined. The ratio of load to flow

is maximur with one feeding plane in the middle of the bearing. It
should be noted that these results are concernad with the load for an
aligned journal omly, or in approximation with the stiffness for trans-
latory journal motion. If instead the stiffuess for journal rotatior
around a transverse axis was considered, it would be expected that an
optimm feeding plane position existed. This calcuiation has not been

pexrformed

&. Bearing Load vs. Eccentricity Ratio

Since the preceeding line source analysis is restricted to small values
of the eccentricity ratio ¢ and predicts a linear relationship between
load and ¢, additional analyses are required to determine the load for

large values of ¢.
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The thrust bearing presents the rimplest case because the gas film
thickness is uniform. Even the line source anaivsis need not be
limited to small ¢ although this was don. above in orde: to simplify
the results for the double acting thrust bearing. For the present
analysis a more accurate representation of the orifices is introduced
by making them point sources. This is a logical method since Reynolds
equation for the thrust bearing reduces to Laplar>'s equation in the
square of the pressure. The orifices are taken as logarithmic
singularities and the physical boundary conditions are satisfied bv
means of image sources and sinks (Appendix E). The general dimension-
less results are given in Figs. 16 and 17 for the thrust bearing with
a recess around the feeding hole and in Figs. 18 and 19 for the bearing
without a recess. Figs. 16 and 18 give the dimensionless orifice
downstream pressure Pi as a function of the feeding hole radius s and
the orifice source strength C. The effect of recess depth hr or number
or feeding holes N is also shown. Combining this data with the orifice
flow equation (see eq. (E.6), Appendix E), the actual downstream pres-

sure and source strength can be determined for any particular case with

a given film thickness and bearing geometry. Knowing the source strength

the bearing load is found directly from Fig. 17 or 19. 3Such a calcula-
tion has been carried out for four specific test conditions and the
results are compared to the experimental data in Figs. 20, 21 and 22.
The agreement is good. The pressure distribution has also beer computed
and compared to measuremenis in a few cases. The correlation was very
satisfactory, but no results are given here. It should be no’¢«d that
in performing the calculations, the effective feeding hole radius r,
was tzken as .007 inch instead of the actual dimension of .009 inch to

account for the srifice jet not filling out the entire feeding hoie
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area. This value of the effective radius is in agreement witn tbhe
measurenents of the velocity head of the orifice jet as it enters the
bearing.

The corresponding analysis for the journal! bearing is vastly mcre
difficult since the film thickness varies circumferentially whe~ the
journal is in an eccentric position. Iastead of attempting & complete
solution the analysis has been limited to finding the bearing stift-
ness (i.e., the slope of the load curve) at ¢ = 0. This is done bv
perturbing the pressure and the orifice source strength with respect

to ¢ acound the concentric position. The orifices are point sources
expressed mathematically by the impulse function (the Dirac delta
function). Performing a first order perturbation, Reynclds equation
reduces to two equations of the Laplacian type, the first equsation
being for the pressure in the concentric portion and the second
equation being for the pressure perturbation which determines the loaa.
The equations are solved in terms of infinite series (see Appendix C
and D) and calculated on the TBM 704 computer. Due to the many para-
meters and the lengthy computaticn time no general results have been
given. However, the program is used to obtain the stiffness for lour
particular test conditions (Figs. 23-25) in connection with the subse-
quent analysis.

In order to extend the analysis of the journal bearing ro larger values
of the eccentricity ratio an approximate analysis has beeu set up, sec
Appendix F. The orifice fevding is again represented by line sources
and in addition the bearing is considered infinitely short (or in other
words the axial flow gradient >> the circumferential flow gradient).
A similar approach has been successfully employad for the hvdrodynamic

bearing (Ref. 6). Solving the ejuations results in the load as a
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function of ¢. This curve is scaled down so that its slope at ¢ = 0
becomes equal to the previousiy calculated, accurate slope (st.ffness).
The results are shown and compared to NASA test data in Figs. 23-25.

The agreement is reasonakly good.

Dynamic Bearing Stiffness

I1f the gyroscope is subjected to time changing accelerations the journal
will perform vibratory motions. The velocity of the motion will
"squeeze' the gas film thereby increasing the fiim pressure and hernce
increase the bearing load and the stiffness. Since the velocity :is
proportional to the vibratory frequency the dynamic stiffnesrc is
frequency dependent. This effect is important in a resonant frequency
caiculation.

The dynamic Reynolds ecuation (eq. (A.6) and (A.l7), Appendix A) is
non-linear and only an spproyvimate solution is attempted. The equation
is linearized by ass:aning the journal moticn to be harmonic with small
amplitude around the _on.entric position. ‘wo vibrating modes are
studied for both th: journal and the thrust bearing: a pure transla-
tion with swplitude ¢.coswt and & pure rotation around a transverse
cymmetry axis with angular smplitude - .coswt, where . is the frequency.
Assuming ¢ and 5 small, a first order perturbation calculation is per-
formed. In addition, the feeding planes are treated as line sources.
The resulting equations are rewritten in terms of finite difference
equations and integreted numerically on the compurer. Resul:is for the
dimensionless translatory stiffness, the dimersionless rotational
stiffneae and the phase angle (i.e., the angle oy which the stiffness
lags the smplitude) sre given in Figs. 26-33 as function of frequency.

As would be expected, the stitfness increascs with increasing frequency
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but the effect is first necticcable at high frequencies, f. iust. fnr

an ambient pressure Pa = ] psie at 3 - 40 cps and ifor Pa 4.7 at 200 to
400 cps. At low frequencies the dynamic stiffness is equal to the
static stiffness.

Three distinct resonant frequencies may be visualized: a) a pure
trans latory mode governed by the journal bearing stiffness, b) a pure
translator mode governed by the thrust bearing stiffness, and ¢) a
pure rotational mode (i.e., a rotation around an axis through the
center of gravity of the journal perpendicular to the journal axis)
governed by the combined journal and thrust bearing rotationai stiff-
ness. Denoting the translatory stiffness: K (lbs/in) and the
rotational stiffness: m (lbs.in/rad) the resonant frequencies .. sre
given by:

translatory o =

L}

:ﬁi] x %]
N:'ﬂ
2 ok

rotational w e
sec

wvhere M is the journal msass in lbs.aeczlin and 1 is the transverse
msass moment of inertia in lbs.in.secz. Hence:

K = !wz

m o= Imz

where X and m are found from Figs. 26, 30, 28 and 32 by:

.
Ce
®

m =
o]

Thns K and m may bSe plotted as functions of frequency o for a given
beariig and a given operatiug coudition. Or the same graphs the para-
bolic curves amz end Iwz can be plotted and their intersection with

the corresponding stiffness curvee define the resonant frequencies.
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The actua! calculatione have nct been carried out. It should be noted
that the dynemic stiffnees actually is a combination of 4 stifrness
term and a damping term. Let it be assumed that the journal is in
static egquilibrium at an eccentricity ratio €, If che journai is
given a small displacement X and & corresponding velecicy x the

restoring force becomes:

aF Lo 1 oR
( A+C\%£r"

=1
~C
For a translatery jouvnal motion with amplitude Ceccoant the resroring
force is from the analysis (see Eq. (G.62)., Appendix C)

- - D ! - " FaDilsL Wh ', - 5'.".@*

F=wy= N D(L+L,) Wy € coslwt-@, )= == (cosl,x =
:‘,.

where VV" > D{ist,)¢ is given in Fig. 26 and %,is g-ven in Fig. 27.

Pence we may introduce:

the <tiffness El( } = f“-!)-%;m cos@,

oy G (3, B g,

vhere ILD is the actual dynamic stiffness. Both KD and CD are functions

of frequency because W' and &are. 1f the sleeve is subjected to 8
forced vibration with amplitude bcoswt, then the journal will vibrate

with ar amplitude v relative to the sleeve, vwhere:

- Mw’b - - af ""CD \
i o Erere e Sl R A

Thus for a given value of the frequency w. the amplitude of the journal

motion can be determined.

Turbine Torque

The actual bearing and orifice dimensions will alwayas deviate slightly
from the ideal drawing dimensions. Thus there will alwavs be d.s-
symmetries in the tilow through the besring and the circumferential

component of chose dissysmetries will exert » aet torque on the journal.
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For the function of the gyroscope this torque is highly undesirasble

and must be kept to a minimum. The corque depends on the eccentcicity
ratio and on the journal motion and is not constant over rhe cperating
range of the bearing. This makes it impossiple to eliminate the torque
by any simple compensation.

In the following a few simple calculations are made to bring out aome
of the important factors contributing to turiine torque. Limiting

the discussion to the journal bearing the circumferential pressure

distribution is in principle as shown below:

Three possible sources for turbine torque msay be identified:

a) The orifice jet iopinging on the journal, i.e., the
orifice flow velocity head sbove.

b) The overall circumferential flow fram the bottom towards
the top causad by the eccentric journal. This [low may
be considered to come from the distribution labeled:
"pressure distribution for lire source feading” sbove,
since this dicrtribution represents the orifice dowmstroam
pressuve.

c¢) The local circumferentisl flow variacion between the orifices

causeé by the above "scalloped’' presrure Cistribution.
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Let the total bearing flow over all N orifices be Q,r in3/sec at ambient
pressure Pa‘ The orifice downstream pressure is Po and che orifice jet
is assumel to have the same vadius, a, as the orifice. It all ocrifice
centerlines pass the journal ceater by the distance é inch, then the
total tergque caused by orifice jet impingement becomes:

2

j" - &l . Qy
1T T B (RT) NFRal

where RT (s the (gas constant).(total temperature) in inz/secz. To
convert the torque to dyn.cm, multiply by 1.130.106. For the parti-
cular test conuition of a supply pressure = 12.8 psig and an ambient
pressure of 14.6 psia the flow is 7.63 1n3/sec at an orifice down-
stream pressure P° = 21.4 psia. If furthermore the orifice centerline
eccentricity d due to both tolerances and journal eccentricity is set
to d = .001 in. for al}! orifices (conservative) the torque becomes:
T, = 3,34 d«,n-(m
Let the gas film pressure be P so that the circumferential shear stress

on the journal at an angle © from the top of the bearing is:

T=+ % &E (14 £ cose) 123

where C is the radial clearance and R {s the journal radius. The total
torque on one bearing half becowes:

% n
T, " ch Sg-§<»+e<ose) do dz

0
When the feeding planes are line sources and the eccentricity ratio ¢

<

is small, a first order perturbation caiculation shows that rhe pres-

sure may be expressed by:
Pe P(2) + € P(2 cose
Hence the torque becomes:

L
T, = ~2¢ Rcrmz)dz
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The bearing load W lbs is:
L% s
3/

W= "ZK S Pwse Rde dz = —2TeR rP,{z)dz

[

so that the shegr torque is given by:

T, =T CW
For the same test condition as used in arriving at the above value for
the orifice jet torque Tl' the shear torque Hecomes:

T2 = 1380 A»}rr(.h
at an eccentricity ratio ¢ =.1, & lrad of 4.16 lbs and a radial ciear-
ance C = .000925 in. The net torque on the journal is the balance
between the torgues on the two bearing halves, i.e.,

T error in (j380“1380) d?n'Ch

2net
On the other hand the net orifice jet torque is

T, net = error in (4) d?"'(“
Rence .t may be concluded that the jet impingement effect is small
compared to the circumferential flow effect.
The thirc contribution tc the turbine torque from the pressure varia-
tion between the orifices can be shown to be of the same order of
magnitude as the shcar torque T2. Thus this effect is very important

but no numerical calculations will be given.

Summary of Results

Briefly summarized,the results of the investigation are:

a) A simplified analysis of the bearing load and the flow for
use in selecting the design parameters. The results are
dimensionless and may reauily be presented in convenient
graphs as shown in Figs. 3-6. Tne validity of the results
is established in Figs. 7-14 by a comparison with rest data.

b) A calculation method for determining the lcad as a function



c)

d)
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of journal eccentricity for both the journal and the thrust
bearing. Comparison with test data is shown in Figs. 20-25.
The form of the general theoretical resuits, from which the
numerical data is calculated, is illustrated by Figs. 16-19.

A simplified analysis for the dynamic stiffness. The rcsults
may be givern in dimensionless charts as in Figs. 26-23 and

are used for calculating the resonant frequencies of the bear-
ing and the amplitude.

Computer programs have been written for all the analyses.
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DISCUSSION

Having presented the scope anid the results of the analysis it remains to
discuss the implications of the results and the limitations of the cnalvsic.

One of the basic design recuirements of the gimbtal gas bearing is to
obLain maximum sriffness and load with 2 minfumum of flow and power. Since the
stiffness is not ccnstant over the operating range the design specifications
must give information leading to a definition of where the stiffness should be
oplimized. No such explicit specifications exist at the present time (i.e.,
for steady state acceleration, vibratory acceleration, frequency spectrum,
impulse loading etc.), bur it is the current feeling that the stiffness should
be optimized at a large eccentricity ratio (approximately ¢ = .9} to ensure
that the bearings load carrying capacity may be utilized to its limit. This is
cleerly not suificient since the load curve may be such that the stiffness is
large at ¢ = .9 and relatively small at ¢ = 0, the latter case being a possible
space flight condition at zero g. Furthermore the area under the load curve
cannot be neglected since it is a measure of the bearings capacity for shock
absorbtion. Also, the gas film damping is important in establishing the vibra-
tory amplitude at resonance where the cylinder must not touch the bearing sleeve.
However, in any case an analysis is needed to give a rather accurate zalculation
cf the load curve and the present investigation has been partially successtul in
doing so. It is apparent, thougn, that the journal bearing analysis need to be
refined. In addition it seems clear that a more detailed and more physically
correct orifice representation would improve the analysis. It is hardly to be
expected that a one dimensional orifice model can account accurately for the
complex three dimensional flow existing around the feeding hole entrance to the
bearing. It is essential for future progress to explore this area.

Another problem is the dynamics of the pearing. The investigation has

analyzed the dynamic stiffness but only for the concentric journal position and
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based on a simplified orifice feeding representation. A more extensive analysis
1s needed which includes the effact of eccentricity ratio and, if at all possi-
ble, allows for the influence of the bearing on the orifice under dynamic
conditions. This is an extremely difiicult problem since it involves both a
method for sclving the non-lirear Reynolds equation and in addition a method
for solving the time dependent orifice characteristic, a problem which has not
yet beeu well defined. A study of this type is necessary not only for a more
accurate frequency response caiculation but it is also an essential prerequisite
for a stability analysis.

The investigation has ignored the possible existence of shock conditions
in the bearing. Such conditions may cccur around the feeding hole entrance and
in the gas film when the ambient pressure is low. Since the analysis assumes
isothermal conditions it is no: suited to investigate shock. Therefore, a new
analysis is ncveded if this problem becomes important.

The analysis is limited to the bearing geometry of Fig. 1, whercas an
actual design analysis should consider all possible configurations. Thus it
would seem natural to attempt a more uniformly distributed gas feeding to reduce
turbine torque, {. inst. by a porous sleeve wall or by suitable grooving of the

bearing surface. Obviously this requires a new analysis.



CONCLUS IONS

[N

The investigation has demonstrated that arzlytical methods cen be used ir

selecting the optimum bearing dimensicns and design parameters.

A metnod has been developed to calculate the load as¢ a function of jo:rnal
displacement for both the thrust and the jourual bearing. 7Thic i. teeded

for evaluating the bearing performance over tho entire operating ~ange.

Ar analysis has been set up for calculating tne dvnamic stiffresc of b

23

th

the thrust and the journal bearing and, hence, for ceicuiating *he resonant

n

frequencies of the bearing. The analysis provides fosr determining the
vibration amplitude caused bv a forced vibratior of the bearing.

The investigation has demonstrated “he need for a detailed study of the
flow through the orifice &nd around the feeding hole entrance.

Calculations have been made to show that the orifice jet impingement playvs
a minor role in producing turbine torque. The circumferential flow, caused

by the eccentric jcurnal and by the pressurc drop between the orifices, is

a major lactor.
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RECOMMENDATIONS

c~

A study of the pressure and veleccitv distribution arounz thke orifice and
the feeding hole should be undertaxken. Preferably the study should include
time dependent efiects. Such ian analysis is recessarv for obtaining closer
agreement between experimental and theoretical results and also for setting
up a realistic stability analysis.

A more comprehensive anaivesis of the dynamic behavior of the bearing is
desirable both for calculating the vibratory respons~ and the stability.

It may ve necessary to resort to a numerical soluticn based on finite
difference equations. Jince the simultaneous solution of the Reynolds
equation with the orifice equation is a highlv non-linear problem, a
separate mathematical study of related numerical techniques is indicated.
Other promising bearing configurations should be analyzed similarly to the
present investigation. Thus f.inst. the bearing, where the gas feeding
takes place through narrow slits or grooves, may have a reduced turbine
torque and the same may be true for the porous wall bearing.

A study should be undertaken to eetablish the opecrating specifications for
the bearing, i.e., specifications for steady acceleration, dynamic accelera-

tion, frequency spectrum, impulse loading, allowable turbine tcrque, etc.
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APPENDIX A

General Equations

A. Journal Bearing

If fluid film inertia is neglected and if the gas film is considered so
thin that pressure, density and viscosity may be considered constant across
the film aad velocity gradients across the film much greater than gradients

along the film, Navier-Stokes equations reduce to:

1

ée_t,.igf

03‘ M 0X

o1 ¥

U M g2

J /,
where W and w are the velocities in the x- ana z-directijon, M is the

viscositv and P is the pressure. Integratins twice inaking use of Fig. lb:

(A.1) u=$§§y(9-h)+ U R U,

P
2 W &y (y-h)
Hence the mass flow per inch becowes:

Y )
(A.3) Q,=Sgudg = "1'2‘;'. 33?? * égh(UﬁU,)
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h 3
(A.4) szg owdy = ";‘2‘;? o

These equations are used to establish the flow balance for an infinitesima!l
prism h-dx-dz where external gas feeding is introduced as the mass flow

M over the area A . Hence we get

9 de+ g + B g = Mo,

3

Introducing eq. (A.3)-(A.4) we oblain Reynolds equation:

oo Glig 8]+ fild o84 glon(usu)]+ 980 - 1

Thics equation is made dimensionless by setting:
P . e

P:E h:%-g*em E=¢ 'Scc Isy,,q
X 4

6° R 0= & T= wt

U, = Rw U,=0
Assuming isothermal (onditions such that M is constant and 9==§§;

eq. (%) becomes upon neglecting vhe bar notation:

a0y &[p &)+ %[M% = Al a(:")

+
ro
Q-
i
T

, R’
]-2Jit&/h1732

where !
WLy
an A=4E(8)
GMNGGV
(A.8) At .chi & : orifice [&(fu({t.t

, B
(A.9Y V= ‘é

(A.10) IN ¢ number of feeding holes
_MVRT

(A.11) = g M F
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-—

Since ©= ¢ —47 . wherc @ mayv vary with time, we can write:
+

%:%io_lﬁﬁe where (p:g“.?:t,?g

\
; & . : .
Hence, if ¢r refers te the time derivative only, Reynolds equation becomes:

2

(A 12)%“,“9 +5 ‘ng‘E [f?q‘/‘) 2%%)‘” ZAVM%%

For tne hyaccostatic hearing therc is ro journai rotation. However, the
iournal center may stil]l have motion and sssuming thies motion te be periodi-

with freqguency W eq. (A.l2) becomes:

(A.13)§§{h3§gz] ;W?‘J ’(P 63(_‘1] 4./1\/

which is the general! Reynolds equation for tre hydrostatic journal bearing.

)'so

For steady state operation it reduces l0:

<A.1a)f§[h’§g] + fg‘l > & } = =4 A Vm %—

8. Thrust Bearing
/\\ .
o h
/ | “
b

Fig. 2
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Under the previous assumptions Navier-Stokes equations reduce to:

du _ 1 QF
0T* ~ M or
1
- X
r4 /«r
where U and V' are the velocities in the radial and tangential direction.

The mass flow per inch becomes:

3
(A.15) Q,= ‘-,-%“cgf;P

Y P
(a.16) Q= ‘f?é& 9 52; +3 S’H(u.""uz)

A mass flow balance gives:

- )
dgirer drde t+ ‘f'ag'; rde dr + %%"“ rdedr = ‘%4“ rdedr

where M is the external gas feeding over the area A Introducing eq. (A.15)-

(A.16) we obtain Reynnlds equation in polar coordinates:

ot g [ s3]+l |-t Rlentuo] + 38 - &

In this equation the local film thickness h charges with time not only due to
a normal velocity difference between the two plates but also by the rotation
of the upper plate in Fig. 2b. For chis rcason Reynolds equation is normally
given in coordinates stationary with respect to the lower plate. Thus the

new © -coordinate becores:

_ u
e-6e— F ¢

Therefore:

o(gh) _ olgh) | , dlgh) 96 _ dfeh) dlgh)
SE A R WL u i
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Dropping the bar notation eq. (A.l7) becomes:
3 <

(A'wfg'r["'g«?orj"'&f%? %1 =2 (U-U ‘)F(fei %gtﬁ)

To make dimensionless set:

— jz -
P=T hed
F=£ T=wt

uztrup u,:O
Assuming isothermuai conditions and a perfect gas with 5 RT and dropping

the bar notation eq. (A.18) becomes:

st £ 0pdE]+ Aler &A% e a5 -on e

where the dimensionless parameters are defined in eq. (A.7)-(A.ll). For the
purely hydrostatic bearing there is nc rotation. Assuming the upper plate

to have motion with frequency W eq. (A.19) reduces to:

o 8L 8] Al - aalg A o S B

where ¢ et - dt and 4’ is the angular motion of the top plate.

For steady state operation eq. (A.20) becomes

(A'w":f'_’[rha g'gz]+;‘}<9_9-[;’3 ;Q;)%l] =44 Vm _1;_!;’

C. External Gas Feeding

In the abovs equations the external gas feeding is introduced directly
into the Reynolds equation. In general gas is only fed to the beariag at

discrete points. lience, it is frequerntly convenient to sclve Reyrnclds equation



without feeding anc intrcduce the feeding through the boundary conditicns as
will be shown in later appendices. In accordance with eq. (A.1ll) we define

the dimensionless mass flow from the external feeding as

M \RT

M"dﬁazp
where M is the mass flow, Lbs.secz/in;o( is a flow coefficient; Ta® is the
restrictor area, @ is the supply prcssure and RT is the gas constant-tctal

.2 2 . C .
temperature, in /sec. The dimensionless mass flow ™M is in general a function

of the downstream pressure R from the feeding hole, 1.e.

m=m (%

In the present analysis two kinds of feeding restrictors are used: the

orifice restricted and the millipore restricted feeding.

1. Orifice Restriction

The mass flow through an orifice with radius @ is given by:

M=y T2\ mis gt ‘!?*(E‘)-

Setting the orifice coefficient d=ﬁ the dimensionless mass flow becomes:

(AN

where K is the adiabatic gas exponert, V ls the vens contracta coefficient

(.22) m=V

and /7 is the adiabatic efficiency. For later use:
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Eq. (A.22) and (A.23) appiv to the unchoked orifice. When the orifice 1is

choked, 1i.e,

/ s
(A.264) (\_’})é (;_i_l_)x-.

then eqg. (A.22) and (A.23) become:

(A.25) m=V \/”_’_(2___?' (T(%T )

-

Om 1 9V
A T T

Because of the discontinuity in the above equations at the critical pressure
ratio, it is sometimes convenient to replace the exact orifice equation by

an approximate expression. This can be done by setting:

s

M=92E ey - (3

so that
T
(a.27) m=\1- \9’)

afﬂ - - Pc'
v

b

2. Millipore Restrictior

The millipore restrictor 1s a filter consisting of 5 layers: 2 screens,
2 cement wufers ard a membrane filter. No theoretical expression is available
for the flow through this filter and instead the following empirical formula

is used:

ar T -P)(V-P:
(1.29) M= 7;;‘!' —\"-lcﬁ*ﬁ*f)} (v c,)_(:m:a)

where the coefficients Q.B,C and D are determined experimentally.
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In dimensionlers form:

. s
a8 = v [C oo p ] B2

- RTIV X -
waom'= 3y = ~[CRwRan][1+ Bhegr] + R Lech o]

3. Orifice Restriction with Inherent Compensation

1f the dismeter @ of the feeding hole from the orifice to the bearing
is small, the annular restrictor area between the journal and the =im of the
feeding hole becomes important.

Por two orifices in series the mass flow equation becomes:

“ [ (¥ —
) _ Vo e | Z
(A.32)&%§7 z .(ﬁ_@?)EE—. aﬁ ('E:) \/’-(%)L

vhere A. is the area of the first orifice, Az of the second orifice, ﬂ; is
the adisbatic efficiency, ﬂ is the pressure before the first orifice,
P 18 the pressure between the orifices and ﬁ ia the pressure after the
gecond orifice.
4
Hhen A, , is known this equation may be solved numerically toy give
m=* AR as a function of E . 1f the orifice radius {s @ , the feeding

hole diameter is d and the film thickness is h we get:

A..j; - Ay dn
A, m V,W aQ

wvhere V 1is the vena contracta coefficient. Since V is a function of the
orifice preasure ratio and h varies srourd the circumference in the journal
bearing an exact solution is cumbersome and an approximate expression is more

convenient. If it is sssumed that h does not vary too much (i.e., for swall



. 34-

cccentricity ratios in the journal bearing) and if o= v\/7 may be considered

the same for the two restrictors we get:

ANm, _ dCU+ewse) _ IvEcose
A,

:

at o}

31

!

al
(A.33) S = qc

where C is the radial clearance. Then a reasonable approximation tc eq. (A.32)

(A.36) m = M—Y;ﬁ: ‘ V |- <“t7‘)t

where & depends on d&

Wnen O is small the bearing is predominantly orifice restricted whereas a

.arge & indicates a predominantly inherent compensated bearing,
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APPENDLY B

The Stetic Load Carrying Cavpacity of Hvdrostatic Bearings
With Orifice Restricted Line Feeding

Frequently the number of orifices in a feeding plane is sufficiently large
tc permit representing the orifices by a line feed. This considerably simplifies
the analysis, sirce the gas feedling does not enter Reynoldr equation directly

but instead becomes one of the boundary conditions.

A. Journal Bearing

e -

The journa! bearing is fed from two feeding plane-, each with % N
equidistant orifice restricted fecding holes around the circumierence. The
supplyv pressure is Q , the downstream orifice pressure is R and the
ambient pressure at the ends of the becaring is ﬁ . The dimensionless axiail

z
coordinate is ( . detired as g* L3 in Appendix A, and the circumferential
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coordinate i+ © . The ga f{ilm betweer and outside the feeding planes is
described by Revnolds equatior which in dimencionless form is (see eq. A 14):
i [ 9
(B.1) fgh’ ]+};}_;ﬁ ;]
96 b) ef
where P is the dimensionless pressur< with respect to sambient pressure and
h=lt€cos® is the dimension.c¢er {ilm thickness. To solve the equation

set:
P=P +eP+e P+ --

(B.2)
2

P'= P +2eRP+----

i

Substituting ¢g. (B.2) into eq. (B.!) and setting the coefficients to E;E,{%-

equal to zern vields an infinite number of equatiomns of which the first two

become :
Py 1m?
{(B.3 a P’ -+ a f; b O
oet o
(B.&) R’P) Q—PP = ()
oe’ of?
Thus the analysics is limited to small values of £ . Since F; is the pressure

when the journai is conceatric in the tearing, F; is independent of & and

eq. (B.3) gives:

3.5y 0¢[¢< R'=1+q(£-)

(B.6) _O_é.cé_’_’;_ ﬁz" I+9%

wher¢

- L
®n =%
See (i?.3

(B.8) 17 D

and Q wi.l be determined later.
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£q. (B.5) sati<fies the bourdar. co~dition of ambient pressurc at the end of

the beaving, 1.¢., where P . At the fecdiag plane ( §= 0, g':,7 ) the

flow eatering the bearing from the oritices must equal the fiow into rhe
ANM

bearing film. The orifice flow per inch circumference is 2TR whereas

the flow invo the film < giver bv eqg. (A.4). Equating the two flows:

_ of| _ NM
2. S 0zl = iR

’

Mak. this equation dimensiorless as defined ir Appendix A:

P | |
(B.9) [F+eccse) ’L o + or .= AeVm

where ka ,\/ and ™M are defined i~ egq. (A.8), (A.9) and (A.1l). Expand m

in a Taylor series around the operating point for concentric journal:

(B.10) m:mo+<)é(_:l)1 (%-

<30

Substitute eq. (8.2) into the equations and collect coefficients according to

powers of £

, 2 Pol
.10 | C‘?g — 3"{) == A Vm,

P AJR 2
(B.12) (aa(?' ‘)SE' ) ) Coselifvmo" %At m, Px,i

where

!

|

Q
3

(> 9
-~
<i-e

Introducing eq. (B.5)-(B.%) intc eq. (¥.1l1) gives

(B.13) q= AV,



kq. (B.12. serves as a boundar. corndition to ¢q. (E.4,. The remaining

boundary conditions are:

r — A%
3.1y P = HI{T) ose
and substituting into eq. (B.4) gives:
2
dH
drr ~H =0
with the solution:
< = b (L~
0« H=C, sinhig-])
T _ ]
where C, and Cz ar~ integratior constants to bu. determined from the
boundar conditions.

=

Secting Fhro ['em and using eq. (B.1l2) vyields:

.15 0<[<¢ R:ﬁm: ~$q cose , _3inh(E-T)
B Leoshg + (tanhoy ~ ;78 ) sinkE ] {1+4 (5 -1)

1

(F.16) 0_4_7'4,_ ﬁt g:’)ose - - ”iqsinhf-‘iosgj Coshg'

The load carrving rapacity is giver by:
m

S Peose de d

¥
0L[4F  wTo2R|
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» U
Oég'én] W,:—-?&fzg gPCosededg'

Substituting tor P from eq. (B.2) gives

§
(B.11) 0&el I 3% ‘ ( smh(€-) d{
TDLR € §f_cosh§+({a,,;,,,l, - 5‘75‘1:%) S,’,,h§] ] \’,?*Q‘(?D

! - tﬁnkf

o 4w, 3g 5imh{
(k8) (£[< PR ' SNy
= DL, Fue [Cosh§ +(ta,,;,,7 - ﬁ&%)smsg]v;qg m

(B.17) may be solved bv the substitution:

t=Vg *(-n)

The integral in eq.

so that:

4 -3 i
. inh(€-L)dl _ € p 1)) - g ny
(5.19) go per e [W{@/“‘V(V%)i T {erﬁ(‘/ﬁ) ~erl(Vg) |
where:

Vi ={ et
(5.20) ;‘f' R

eré(x) =ﬁ} e"

(]

TV(x) is tabulated in Jahnke and Emde: Table of Functions. However, in most

cases it is more converient to evaluate the integrals by numerical integration.

Since the rxial {low per inch circumference is given by ¢3. (A.4) *be total

flow from both ends of the bearing is giren by

Ar s

h aFf
bqr = "‘2 Ez::q 52' Q de
°

Subetitutirg Jimensionlers (xprescions from Appendix A and making use of



eq. (5.2),(B.5) and (B.15) gives:

baly
g Tk, B
d7

2

B
R

(B.21) M, = ~;—
v

Hence @ may be denoted the dimensionless bearing flow. To determine ¢

TR A
ol J(l-3f.coso)de = 6/»«‘?7' q
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usce

is made of ec. (B.13). This shall be illustrated for the case of the oriiice

bearing. The solution for the millipore bearing is analogous.

For the orifice bearing M, is given by eq. (A4.22) and {(4.25):
»”
= Peva M o \%
(&) ¢ (B ¢ me- vy (B \/r-(fu)'
Kﬂ/ Y o K- v oy
(B.22> x
1 é(fu ¢ (&) m =y /2K (_5_.)
v V /T \k+l ¢ K+l \kel

From eq. (B.S5) or (B.6) we get at g =0
= 1+4f
t.e

(L

Thus eq. (R.13) becomes:

" [ Rif _ } _
This relationship may be shown gio hically:
m 4
' ) orifug chnc?a-f;t.g‘g‘.i&za)
bearing Characteristic, eq. (8.24)
Mt-—— ——— T T T T - 0&!‘5 pont @1 ¢<Q
1‘{ 1 p
v (om) ‘ v 5
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Henzce eq. (B8.24) can be snlved graphically or by iteration: when using a
computer.
If the spproximate orifice formula is used{eq. (A.27)) a closed form solution

can be ovcained 28 follows:

g = AVm,= AVVI- (8 = AWVi-1-q2

or
2 4(v'-i)
(B.25) Q=%§f\z[°’+ I+ e ]
and from eq. (A.28):
2
[] /
- diMe -A4
(B.2€ AE?HQ = »

for use in the calculation of the load.
When the feeding hole diameter is small, we may use the approximate eq. (A.34)
to estimate the effect of inheren: compenssation. Substituting eq. (A.34) into

eq. (B.9), then eq. (B.1l.) and (B.l2) becomes:

(3-‘ ‘L‘ =*7,7};:\/V ¢

AA] AR ¥ ¥
ek A L Il

whnre At

d =dcC

Herce when inherent compensation is ‘wportant, i.e, ¢>.4-.5 , the journal
beariug load becomes:

4\'\/4 - |+§6' 4\1\/&
TFR.DLE i+¢* TROLe

(8.27)



-42-

where V\Q,o is given by eq. (B.17) and (B.18). 1In calculating \Aé,d , set

(B.28) PP ve

where J\t is as previously defined.
B. Single Acting Thrust Bearing _‘".ﬁ
R

-

&

The thrust bearing comsists of an snnuiar flat plate with inner and outer radius
R! and R, . It is fed through N orifice restricted feeding holes located

at radius Rc

For static load eand uniform film thickness the dimensionless Revynolds equation

on both side of the fveding plane is obtained from eq. (A.21):

I (3 IR

where the second term is zero due to axial symmetry. HRence the solution for

the dimeusionless pressure becomes:

? ~
Po=1+C, Inr
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where C, is ar integration constant. Introducing the dimensionless bearing
dimensions:

R
(B.30) =R

M
(B.31) LA
(B.32) c

-~

L, can be evaluated to give the dimensionless pressure:

2
(8.33) l£ren et g, (n(})
i 2
(.34) y fre! P =1+ pgylnlyr)
where I" is the radius made dimensionless by dividing by Rc . Qﬂ- is

determined by equating the orifice and the bearing flow anaiogous to the

analysis for the journal bearing. Thus:

(-5t 5

= ——r—i m
r&r 'r=)

A

Inserting eq. (B.23) we get:

(B.35) g, = AyVm
where

_ l?,«Nua‘VR_T
(=30 A= TR G

To determine QT' substitute eq. (B.33) into eq. (B.35), setting r=|

V [pvz a]
£.37) e —+)—— = m
( ) A¢1"7 (V V? m
This equation is analogous to eq. (B.24) and is solved in the same way. If

the approximate crifice formula (eq. 7A.27)) is used we get:
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‘a(vT-T
(2.38) g,=2 mn]A[ |+ 1+ l‘-‘,-A,, ]

The load is found by integrating the pressure:

% .
W= P&R:g S r(P-1) drde

q
2Vi+g,l
(B.39) \\z/ = o ‘ V""—?‘I— Inr dr + r}/l‘fﬁ‘ir‘” dr' + Qm -1

+qr

The two integrals may be solved in closed form by the substitutions:

1= VrZ (‘QLT"'ln'r, ~inr)

t= \/Z(tﬁ +1inr)

to get:

(B.40) —-‘%:— &/—e"[crl(VZ(‘L +lnm ) cr“[q:)] [W(ﬂﬁ,?-rﬂ"lf

where Cr‘(x) and 1&(x) ave defined in eq. (5.20). Frequently, it is
mere convenient to evaluate the integrels in eq. (B.39) by numerical inte-

gration. The totsal mass flow from the thrust bearing is determined by:
4.1
4
M=~C3P‘ [-. .ng +.'_it‘ ]d
T 24uRT |\ UMor y or | 19e
o

rim

or
C'S
Gen  Me= e (1+8) g,

zo that QT denotes the dimensionless flow.

If inherent compensation is important Jty should be divided by Vi+e?

al

where &= In , see. eq. (A.34).

i)
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C. Double Acting Thrust Bearing

The double acting thrust bearing consists of two thrust bearings as shown
on Fig. 5. one bearing at each end of the cylinder. From eq. (B.29) Reynolds

equation is:

(F.62)

In the center position of the cylinder the clearaace in both bearings is C
1f the cviinder is displaced a small distance eC the dimensionless film
thickness in the bearings becomes h=1%¢ . Limiting the analysis to §£<X/
we may express the pressure as:
P=F teh
(B.43) ? 2
= +
P= R +2¢PP
Substituting eq. (B.43) into eq. (BR.42) and collecting terms iccording to

povers of €  we get:

(B.44) T’:‘%{r 3_5 -

F AU R
wich the solutions {see eq. (B.33)-(B.34)):
(B.45) |Erfm P‘,z=l+ngn(3)
(P.46) ?frf | ' |+ Bgyn(yr)
(8.47)  lére<nm B,P ¢, In(¥
(B.48) {iérﬁ! R,P,=/5C,-ln(5r)

where C, is an integration constanrt. 4y and C, are determined by

equating the orifice flow with the fiow "hrough the bearing:

;?_e.‘_um’[-.é'_" A R 1
24’4RT R( or ray 6" re)dp:, ¢TR,
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Substituting from eq. (R.43% and using ¢q. (A.8), (A.9) and (A.1ll), we get:

By 4 oK
(NZ-%: l’m or L,)r =2 ¥,
o(RF) o(kf) Ae
( ar II‘..,\_.I—~ or ,.H),, " 3'Atvmo“ ; (PO ')r:l

Inserting eq. (B.45)-{(B.48) wc get:

(B.49) 4 = AyVm,
"% ﬁf
(B.50) C =
Zimhim, ih"’
where J\T: |1p iz defined in =q. (F.36) by retting h=C . Thus
in total:

sy ler < Pi= |+ TE S n {3+
(5.51 r=n v '-Z#ﬂ?im{l""i ] "(r)

) “‘é‘,‘. 2: | 1= 3 7 J
(8.5 yErEl P '+’3Q71’ *El"ﬂt‘h!n"{ try J Infyr]

The combined load for the double actirg hecaring is:

2% ”
W = PQRZS & r[Pl-g) = P(+¢)] dr do

oY

{
N —Sdr £ g e ~lor'dr’ |
(8.33) 'ﬁ*p‘ I:E |- —27;&*&["'7 {qﬂ) V'fﬂqﬂnr X V"’Q lnr f

The two integrals or the righ® rand cide may be evs uafed b mcans ol the

substitutions:
f=\/2(st3T*tnr')
t=V2(4 -l
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to get:

(550 N o b&

TR ﬁ;l””z {qu( ‘QJ:',T)*E Ci\[%( Q)L""(V *‘"7) ~erf \%)
e &/—qrg R M«r/[ (3 85 +m)- WN/:H

where YF(X) and erfl(x) are given by eq. (B.20).

The mass flow from each

thrust bearing is given by eq. (B.41).
If inherent compensation is important we may use the approximate equation (A 34)

to get

M - l+ %dz WJSO
TRIFE |+¢* TRAE

where V&,, is given by eq. (B.53) anc

l_;A_LLQ_

Yi+g*
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Aggend:._i_g

Static Load Carryving Capacity of Hydrostatic Journal Bearing

with Orifice Source Feeding

The dimensionless steady stcte Reynolds equation with feeding is derived
in Eq. (14), Appendix A. In this derivation it is assumed that the gas feeding
tekes place over a finite area A. However, the present analysis assumes that
the crifice is represented by a point source. Hence, the feeding term is

replaced by the source strength C., and Eq. (A.l4) becumes:

(c1) %['3M)]* 4\”—%--8(%2) C; 5(8-%),

where
)

8(x
to = the 2 - coordinate of the point sources,
¥
N

the Dirac delta functinm,

= the angular position of the jth source,

= the number of sources on each side of the & - origin

(See Figure & below),

C% = the strength of the jth point source.

The solution of the problem is then that of finding a Green's function for

35["5%@]*» , 25]

subject to certain boundary conditions

the equation

P
o

-5

I |

Figure 6
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Since the nrifices are assumed uniformlv spaced with respect to ¥, then

P = (2p~-)T/N, j= 12, N.

d
Moreover, since tte problem is symmetric in Z, , Wwe need consider only that
portion of the bearing for which 0¢< f,s %S . Figure 7 shows the bearing

unfolded sand the boundary conditions.

LY}

e el
plo)s P | ) o pl2T ) o)

Figure 7

by - G-y — -0 —e-— -

C LINE OF ORIFICE CENTERS

'
!
oo

0 —-
{3‘-0 w 6

Yo note that 't = 1 + € cos 6. If we expand p and Cj in perturbation

series in powers ¢r € and retain only first “egree terms, we have

‘ff- 1@?-& QEET\-P‘ ,
(€.2) N 1436 e ® |
S (1

Substitution of Eq. (C.2) in (C.1), retaining again only terms of first
degree in | vields

)
VR = -8 (44)2 €, 5(6-9),

N
i

as the equatinn of zeroth degree in €. Since this corresponds to the symmetric

(o)
3

source pressulre; therefcre, we need only consider the sector

cuse, we note that a1l values ot C are identica.l (-C(o)) for a uniform



20-N¥ < g ¢ %I,

N

and the above equatior reduces to

(c3a)  Vi(p)= - (Po)+ L ()= -C8(s-4,) S(e-ﬁ))

with the boundary conditions

r a
0

Por | at g L/D : %i(f:')'() at £=0;

(c.;L)J] . . -
Pl Pl o= 1 ruaoN

The first degree terms in € yield the eguation

(cda)  Vipp)= V(U +U, +Uy),

where
ViU = $ sin 6 R,
V'U,s 200w 54 z,o)Z 5(5-
V'U,= %8G8, f.c RICRAR

The boundary conditions on popl (&nd Ul’ UZ’ U3) are:
r
AP0 at 4=L/D, ‘?i,(P'B\"'D at £=0;

. F‘P‘ IO-o :?OPc sz .

(c.4b)¢
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Solution of the Zeroth Degree Equation

We write (C.3a) s8s

(C.5) po2 = 1 + Uo.

We then have theequation

(c.6) VU, = - 8(g-1,) Se-¥),
with the boundary conditions as in Eq. (C.3b}, except that at % = L/D,

Uo=0. Eq. (C.6) 1s then the equation for a Green's function:

} . .

Jy = U, (8,8;8,%)
It s found by separation of variables in a direct product function sraie
(See Reference 3.)

We write Uo as & Fourier series:

€1 U500~ FEGME)+ 2, 10(4) b ],

where I?A/N

X, (&) = Uo (2,9) s nNe 40 , n=o,1,2,,
2%(- /N

Eq. (C.7) satisfies the boundary conditions in the 9 direction. We now

wultiply Eq. (C.6) by cosnN@ and integrate with respect to € from ;%;_‘)

to ‘a . The tesult i.

(&) $l)e - (" S(gg) | o

J

2 | 2 .
(c.9) j-‘-,v,,(z.}-(nﬂ) Wit)® - CV5s.0) maNS  neia
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The solutions tco hoth {C.&) ard (C.9) must ovhev the remaining i oundary
conditions, MLSL »He CONTInUMSE aCT 5 f’= go , a'd must have che proper jump
11 their first derivative at tha: point. The solution o1 the bomogeneous part
of (C.8) is YosAf,q-cons:. Thas,
s { P8 E ek
LA, (‘E -¢) $7¢.

The jump 1in xol(i,) atzb is - (‘.(U)j thus

—

| | ] f' ¥
s =l

Henee, [ § we wiite

¢ = minimum cf {z

?

AN

(]

= : £
‘g> meximum of (%

RN
©
S

then we obtain

€100 g (f)= e k- 3,).

The sclution of the homogeneour part or (C.9) it g_vrer. ny hvperholic
functions, To satisfr the rerundary conditiors, car solutica (continuous at
észo) is giver by

T L TR S
A, comnNboasb tN(E-2) 455,
The constant An is choser. J¢ salisty che jump condilior across i"ia:
r

- nN A,,l Cosh nﬂ(is-;;c) cooh NS +aahrdl} prd nﬁ(g-za\}-

a -nt A, al ""g‘- R A
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_ C(O) cod nN(P
An= AN Zeeh[nNL7DY

But ‘P"""" (ZX")‘“-/N , and csanN ‘?a :wom?(z"\-l\= (")“ . Hence, An is
1ndependent of j, and is glvenlgy
D"t i . ,
An= /(NW"—%—'-)) n=i,2,..,
Thus,

0 kg, ainh N (5-4)
Yn(4) = nN tmh(nNL/.)) =l

The solution for UO is then

(ch) u,(4,8;4,)= g.‘-{T—o)

. L 7
L. Z( n tan)p trahnNg ambnN(E-£ ) |
(5°5) L M) " Cadh (mNL D) J)
and pi is obtained by adding 1 to Eq. (C.1 ).
(2)

The method for determining C will be described later.

Solution of the First Degree Equai:ions

To obtain the functions U,, U,_, and TJ, whose sum is the sclution of

1> "2 3

Eq. (C.4a), we must first obtain the Green's funciion G(g;93§3¢) for the Laplacean
with boundary conditions (C.4b). From the fact that

.12 i . = - -

(€.12) Voo G (5,6,5¢) =- 8(s-8) §(6-¥),

(where the subscripts ur. tnhe Laplacea-. operator irdicate the variables

with respect to which we differentiate), we find thaxv
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(12 u,=-§//e(gagmw[?,@,wz)}mp I d

Morcover, since U2 and U3 are also Green's functions satisfying the same
boundary conditions as G, we may obtain 02 and U3 by a comparatively simple
modification of G.

To obtain G, then, we follow the same procedure as in the solution for

2 . . . . c i s
P, > expanding this time in Fourier series in integers. Thus,

) & nYuend NX A -y’
e Glioit 9)= bplhy g [2Rt b bl

nz{

where

}Y

max (5 € ),
min (i,)& ),

b
n

If we exclude the source points we may show uniform convergence of both
. 2 . . . .
the series P, and its term-by-term derivative with respect to 8. Therefore,

from Eqs. {C.11), (C.13), and (C.14)
NC“ W raw
-3 i (L
U,(5,0;4,)= /{53- +
] 0

X{Z(‘l)m anmNY wahmNR Mth(jl?;Z)}mybd(ﬁ dE

[+ 1]
2 [uonq-’:bon?ﬁ& umx/gh) n(L-z)]}

vl ok (mNL/D)

where

%l <l
] L}
£ B
5 X
~ ~
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(NOTE: L‘ltakes on a slightly different form in the case N = 1 (i.e., a single

orifice). The analysis given herein inclvdes this case, but the computer program

assumes N > 1.)

Integration of the above gives

(c.15) U(i.ei.)'é"ic—}:,(

m3|

(84 dyn B [mkl Mﬁmi¢ﬂl’"{m B g)) U(MW"‘Nz(M;’MN{%'%)J
A, (2mN-1) Cwch (<, L/D) ¢ach (mNL /D)

, obud [mumpmzcwsam(g-z») zmwmuglmm(%-m]})

Bu{1wN+) C4sh(p.nL/D) © T 7 Geh(vaNL/D)

(For the special case N =1,

c"’{ ook & pmh(5-5,) (5—i>)]

U (4,6,%)= 3% Coh (L/D)

I Z () {W‘*me [ it d ¢ Aot (4 - 55)

we dmlem-1){  conbr(atn L/D)

_ G toshmb Mf{{(“ i->)
wah (ml /D)

- too BB | m cosh B.- B tork b ﬂ’w (%'Zy\)
Bo [ma i) umgg.,,u_.';))

o etk phm{k )
wah(mL/D) ] .)
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where
d = mN-1
m
ﬁm = miN+1

As noted above, the function UZ is also a Green's function satisfying the

same boundary conditions as G, but with a different jump in the first derivative:

N
(C.16) ,_="%‘£” ZW%{%(%'%)

[/ o] ‘
o n < nd wehnk amhn (-5,
+Z[ ‘nuooh(nL/D‘) . >] )

nel

(For the special case N=1, where § =T , we obtain

o L m pamd achmbe pmhm(le-t
U,= 3= [(-‘g-z,)-;x-n e Goh (ML7D) ’)]’ )

We note that ¢j = (Zj-l)‘ﬂ‘/N. Interchanging the order of summation, we make

use of the orthogonality of trigonometric functions under summation to obtain

N :
(C.17a) Z; M(ZN;- DL 0,
J-
n
(C.17b) iw(""“' M.nzr;’q)“-: 0, 5 mN!
' s N
J ! (-‘)MN- ne MN.‘\;‘



-57~

Hence,

. 3NC‘°’ 3 el B mgcmz, ainh (- 55)
©19)  Ufs0):- T 7 (7| aesel thdph gornnts

+ Qﬁame u-dnp,.\‘lu Wﬁm("’@‘2>)] .
Ben (L /D)

Ccmbination of Egs. (C.15) and (C.18) results in

aNC 10 [ o ohn b ik (55 . cothmlNg pinhmb(-s )
(€.19) [U.+Uz]<z,e;zo)- “ar :L-J, {(cf:‘nu |)[mcooh(-(...L/D) h CM(mNL?D) gl)J

t50Bm [mmgwpm('g-@ uothzsmth(ﬁ-tz)‘l}

tEmNt )| Geh(PmL/D) esch (mNL/D)

In a similar fashion we may write

? 0 weh prnh "‘ﬁ)
€20 Uyleiko) mic [’f(v'% R = mal

(For the special case N=1, Eq. (C.20) becomes

! $ " / m(h'z,
o 2 alb-0)+ S e =t

m=|

The solution for PPy is given by the sum of Ul’ UZ’ and U3, i.e., by
the sum of Egs. (C.19) and (C.20).
(o)

This result depends on the symmetric source strength C and the
perturbed source strengths Cj(l) (j=1,2...,N). In the next section we describe

the procedure for their calculation.
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Calculations of Source Strengths from the Equatic..s of Mass Flow

From Eas. (A.3) and (A.4), we may chtain the mass flow at the jth source

as

(c.21a) M= P £ 2 (1) d

’ =-Zurr PR salp)ds,
¢

where

[ ]d& denotss the line integral about the jth source,
‘2
™

= the outward normal derivative.

1f we use the perturbation seriesin Eq. (C.21), we obtain, at the jth
orifice

2.3
©.210)  M=M+EH, = - 5%‘%1, f{ 2(p)+E [2 2 (popit 3end g-n(?o‘)]}as .

4

From Eq. (A.22), we obtain the mass flow at the jth orifice to be

(C.22) M_. ma n%ﬂv [1)(”\/)] (s) f—s‘)}_&'—

Expanding Eq. (C 22) in a Taylor's series about P=P, and retaining only

the first two terms yields

M= M(p)+(pp

o dp

P=P,

But,
P'Po=€P1;

Therefore,

a
(C.23) M= M(po) + epy dp

P=P,
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We note that Eq. (C.23) holds at the jth orifice. Equating the ccefficients

like powers of € in Eqs. ((:.21b) and (C.23) at the jth orifice gives

(C.24a) Mo'.:, M(Po‘,z - 54&:-;%. 36 (Po)
(C.24b) M|= MI(‘Po)' [ﬁ]«!' =- 24PRT§3' ZBN(P°P') t 3¢ %’\(p:)] ds

¢
where M(po) and M (po) are obtained from Eq. (C.22),

Consider first the integral on the right hand side of Eq. (C.24a).

By Green's theorem and Eq. (C.3a),
” (0)
€.25) ﬁ 2 (p) ds =//V2(?:) dody = - C

Applying Green's theorem and Eq. (C.4a) to the integral in Eq. {C.24b)

we find

(C.26)

f’ [2%—'\(?!?!)" Swe%‘(f:)] ds = -C;)

We now define the following quantities:

r

x= £ /V,
+= bpvl/zalf'?_; N/P,.c
{(x#]% [ve] x"24h-x¥

To solve for c(°), we consider Eq. {C.24a). Using Egs. (C.22), (C.25), and
(C.27), Eq. (C.24a) becomes

(€.27)

A

(C.28) _A_t V £l)= %/[%o)] .
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At the jth orifice, 8=(2j~1)T/N. Substituting this value in Eq.

(C.11), we have

R o Hsn)e ), ehoiicadalia)],

D & M Coay (MNL/D

-4

(v
= 1+ % 5,l8,5,)

To represent So at the orifice we choose

5= 5[ Sra,2)+ Silhoes)].

(In Appendix D, a transformation is made in the series So to obtain quicker

convergence.) Hence, at the jth orifice we have

9 p-t VA [ 2
T §o - Se
Eq. (C.28) becomes

(c.29) A, flx)= f’g\f [x‘- -\'/—,] .

The above equation has one and only one root for positive x f-l.

*

Calling this root x , we then ootain
2
(0) ]Iy %\% |
C = & [(X ) - Vz .
/

The root x* also defines the value of Y(x) and Y(x) to be used

subsequently.

We next solve for Cj(l). From Eq. (C.22),

(C.30) M = M, tp/\/,

0



y- LA BN k-
YO Tk | xf 2k [1- (xe)«VR

We multiply and divide the left hand side of (C.24b) by (po)j, and use Egs.

vhere

{C.27) and (C.30) to obtain

Clearing of fractions gives

NV x* Q - N
(c.31) [ﬁa’g']s - ?A%@T&)C' ; J‘\,z)...)“‘r.

The above 2quation is a linear system wherein the unknowns are the

¢

source strengths y e Therefore, it can be put in the equivalent form

(c.32) fa] TV .3,

Where
[A] is a matrix of order N x N whose elements are Ajk’
(L)

'3(1) is & column vector whose N elements are the unknowns Cj s

1;13 @ column vector containing N elements.

In the following, it is assumed that all expressions are evaluated first

for § = i'o - a, then for £ = 4o + @, and an average taken.




We recall first that
ToP1 ® Ul + UZ + UB'

Moreover, at the jth orifice, the angular cuordinate is given by
(23-1 W /M.
From Eq. (C.19), at the jth orifice
(c.33a) (u, + Uz)j = '(§1)j, o= 1,2,...,N

where
(51)1 is the right hand side of (C.19) with 8 = (2j-1)T"/N.

Also, from Eq. (C.20), at the jth orifice

o
(C.33b) (Ua)j ki" Ck -rjk ) Jl \,l,...)N’

where
Tar du [y b-) e § 2R o R b ogtbnlyog) |
¢ 2w izip , N ceh (nL/D) .

(This series is also put into more easily calculable form by the transforma-

ns

tion descriled in Appendix D.) Therefore, the elements of the matrix [A] and
the vector B of Eq. (C.31) are given by
f NVEX
. = - .
Ak = Tix L‘Uﬂ‘ Ay * Ay .
(C.34) <

{ Ba g - (-S-‘)‘.

where 0 »J'*k
5 1, =k

The C(l) vector is then found by inverting [A] and multiplying 3 by [A] '1.
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Apnendix D

Reformuiation of an Infinite Series Encountered in the

Analysis Performed in Appendix C

Several expressions in the previous Appendix (e.g., Zqs. (C.11), (C.20))

involve infinite series containing several parameters, of the form

s S= o nd np tahnx sixhn(R-y)
(-4 e N G NR )

where

R>y2>2x > 0.

The series is absolutely ccnvergent.
We make the following substitutions:
a,=o+f

;= 0&-@
(p.2) 8 - H-x

ag = 3+x
after which Eq. (D.1l) becomes

w . v
(.3) Ssﬁz [W"“'*?ﬁw n(&-8) +pmh n(R-¢)] ,

n=zi

noting *that
2R>0>3>0.

We represent a typical part of the series as

. = e n® piwhn(R-g)
(D.4) T az_. N ceshnR >
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where

2R D E >0,

Then, writing the trigonometric and hyperbolic functiocns as sums of exponentials,

wc have ) . .
T _‘_i [e.-n(!ft.‘{’ue-n(f-t‘?)_ e-n(lR“EH‘p)_e_‘”(‘- ";""P)J
Z n(1+ e2"k) '
But,
Y
an k -szR
(14 R s :Z.(l (nR>0) ;

hence, *

@ 2 kRAE4iP) | on(tkRYE-i¥)
o Te43 &2 @ €

n=i k=0

e

~n(2kR +2R-¥+49) -n(;ks?fze-g-w)J
-£e

Interchanging the order of summation yields

-n(kR up) -n( ke*;—l: 4)
'2;‘)(—') i_. [ (R ey +e ¢
_ -n(z.k?+z€~\g+/.<{’) -n(szsz-{—LW]

Since
00 zn
n__Z w T -laa(l—z) (117 ¢ 1)

we then have

-(szi 2R- §+1.'?)][ -.(z.kQ+ZR- A )]\

a
= 41 { - - = 5,
2 :[:, ‘\) ‘&’8 { o (tkR+ Eu‘?)][ _ -(Lkﬁ +€ u‘?)] j

which is still absoluitely convergent. We now convert the expressions within the

curly brackets back to trigonometric and hyperbolic functions:
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o _o(R- .2 . yﬁ 1/, N3 '22-\
T=3) (-l)kfo?{ezm ® [M .(kfm Yook & M(f X ?’)A\mfj)
Mk (kRY E Yot & + o™ (kR § )i

= -'—%2 K ~2(R-E) [ coct” («R+R-%
ZL-l')b&{ [bed'\(ke 5-)-—(‘,&47'.@}

Finally,
0.6) T=lim Q‘?{ 2R g (2R-€) HhoachakR snch (12:5)- 255 |
2 [a«h§+wzkmmhg ac:::‘@ ]

\

Eq. (D.6) is then substituted in Eq. (D.3), for £=0", £=§, Y=a,,¥=4,,

The computational advantages of the new form Eq. {(D.6) are as follows:

1) In the initial formulation Eq. (D.1l), twbh trigunometric ard three
hyperbolic functions are required for each value of the sumation
index n. Even if these are calculated irom recurrence  ormulas,
the form (D.6) is more efficient, since after an initial calcula-

tion of entry values, only two hyperbolic functions are necessary

at each step.

2} The new formulation is alternating, and the rate of convergence can bz

increased by means of Euler's method.
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APPENDIX E

Static Load Carrying Capacity of Hydrostatic Thrust Bearing with
Orifice Source Feeding

Reynolds equation for the hydrostatic annular thrust bearing with feeding
is given in eq. (A.21). 1If the feeding is represented by a point source instead
of a flow over a finite area, eq. (A.21) reduces to Laplaces equation with
singularities at the orifices. Assuming that the orifice may be describeﬁ by
a simple source (a logarithmic singularity) use can be made of the methods of
conformal mapping. (See f. inst. Ref. 4 and 5) Thus in the present case it i:
most convenient first to consider a rectangular pad with a source in the center,
ambient pressure at two sides and no flow from the other two sides. This pad is

equivalent to a radial sector of the annular thrust bearing.

pressure

ambient P

ho flow h no flow
g QP%
2" . de =Y
/‘-—bm/
b.
e
of . b
0y 2
Y - @-
b
2
Q.
Fig. 8_ e 212 e a2 o
C.



The boundary condition of zero flow at 9:1 % it satisfied if we along the
y-axis take a infinite number of equidistant sources of equal strength. Similarly
we need an infinite number of alternating sources rnd sinks in the x-direction

to satisfy the ambient pressure condition. Such an array is represented bv

(E.1) PP= | + Re{ —C f (-l)"~lr1[sinh TE((?ME)] }

nx=00

where P is the dimensionless pressure (with respect to ambient), C is the
T_k
source strength, b=a , b is the length of the rectangle in the x-direction,
— .
a is the length in the y-direction, K. is a constant and 2=a(X+Uj).

Taking the real part as indicated gives:

(£.2) P= 1= 3C ) (Iln

ha-we

cosh 2T(E +nb) = cos (2T ) }
[ cosh Th(2n+l) =1

which satisfies the boundary conditions:

X:i’% N Pz-l
. Plg
y=t2: 0

From eq. (E.2) we get:

P _ N " ____sinh 2W(X+nb)
" o =T TC hZf ) Goh IR (E + n B ~cas (2T E)

To determine the source strength C the bearing flow must be equated to the
orifice mass flow M:

N 4 A
(E.4) M= = e $ on

where <§ ds is a closed line integral around the source and n 1is the outward
directed normal.

Pl
Using the boundaries of the rectangle as the integration path, where §g =0

along Y= T3 , eq. (E.4) reduces to:
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1

M= Bk jz oF

kT |, 38,

d(%)

Introducing eq. (E.3) gives:

_ nﬂh
(E.3) M= T2uRT C

Substituting the dimensiorless mass flow m irom eq. (A.11) and the feeding

parameter Ay  from eq. (A.8) (setting h=C(l+g) ) gives:

CN(I+e) -

(E.6) 2 AV

This equation may be solved grapnically or numerically as shown in Appendix B,
Fig. 4, where C . is known as a function of the downstream orifice pressure R
This relationship is calculated from eq. (E.2) based on a known feeding hole
diameter (i.e. known values of x and y).

The rectangular pad is transformed into the radial sector shown in Fig. 8b

by the transformation:

(E.7) Z=a (xm,)“ o In(re®)
t.e
: N
(E.8) 2= 7w lnr
(E.9) §-= x ©

where N is the number of orifices, I 1is the dimensionless radius with
respect to the orifice circle radius Rc and © 1is the angular coordinate.

Substituting eq. (E.8) and (E.9) into eq. (E.2) gives:

i_ 14 N ) coshN(lnr+n{n(%z))-cos Ne]
(E.10) P'= | ZC:L;( 1) ln[ Cosh{Nome (8] =1

where C still is given by eq. (E.5) or (E.6). Thus C is determined as the

PO
intersection between the orifice flow curve and the C VS, (‘v') relationship
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determined from eq. (E.10) for a given feeding hole diams:ter.

It should be noted that since the isobars are not ci:cles this relationship
is determined by taking the average pressure along the rim of the feeding hole.
However, this is not a serious assumption since the isobars tend to circle in
the limit of approaching the singularity. The load carrying capacity is cal-

culated by integrating the pressure:
(5 %
2
(E.11) W =2N ﬂRCJ
° R

Since the orifice was located in the center of the rectangular pad, the trans-

r{P~-1) dr de

formation given by eq. (E.7) results in:

(E.12) R.=VR,R,

i.e., the analysis is only valid for this particular value of Rc . Hence
eq. (E.1ll) becomes:

L)
N
r-(P-) dr de
%

where P is given by eq. (E.10). The integration is performed numerically.

gﬁf.

0

Rearranging eq. (E.10) we get:

2| cosh(Nlnr) -cosNo S, » cosh (N ln(%i-Zcosh(nNM_ﬁz),))(osh(Nlnr)cosNe+cosh1(Nlnr)+(os‘No
(£.14) P=| Tc{l"{mhmn(ﬁ))‘l ]+%( ! ln{ [(ash(ann(%'.))"cosh(%'ln(%))]z

It can be shown that this series is absolute convergent except at the source.
Since the series is alternating, the truncation error after h terms is less
than the absolute value of the Qw+IYst term. The series converges very fast
so that cnly the two first terms are necessary for an evaluation.

1f the bearing has a circular recess around the orifice with depth h, and

radius R, eq. (E.10) and (E.14) stili describes the pressure outside the
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recess. Inside the recess the pressure becomes:

o0

3 R
. ¢ i " ;oshN(lhr+nlh(m))—(osNe]
(E.15) P = |+(, z(,+ %,)CZ( 1) ln[ (N D& =) |

hz-we

where Cz is determined from the condition that P=P,. along the circumference
of the recess. This solution is only approximate since the isobars are not
exactly circular. An average value is used.

When the orifices are not located as given by eq. (E.12) the above analysis
is no longer valid. Instead we may use the method developed in Appendix C.
Let us again start with a rectangular pad where the location of the orifice in

this case is not restricted to the center of the pad.

>
< b
d
Yy - a
| I % |
Fig. 9

1f the gas feeding is represented by a point source of strength ( it can be
written C‘5<X'd)‘0’(lj) where J is the Dirac delta function. Thus

Reynolds equation, eq. (A.l4) becomes, in dimensionless form:

(E. 16) ;)-éfg + Xpr; = — (- d([-mx) 8(¢)

where:

Dla.

(E.17) [:27[{— ¢:21T—£— f:.‘b{ XY=
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The boundary conditions for eq. (E.16) are:

(E.18) ¢= o[ N 0930

2
(E.19) [=0 and [=2m¢: P*=)
To make the boundary conditions homogenous set:

(E.20) P*= I+ U(,¢)

and express (] in a Fourier expansion:

(E.21) U((,(P)= i|7’r ﬁ'i (1) cosngp

where the coefficients Bn(y) are determined by the inverse Fourier transform:

(E.22) (5= g_ﬁ’U((,q’)-coan d¢

Substituting eq. (E.20) into eq. (E.16) gives:

é‘;_{ + %—a = —( d([-2mx)- (@)

Then
'

(E.23) g[ spt %z%]coan’ dg =-C J(Q—Zﬁx)jé(@mnw& =~ 4(1-2mu)

=y

The left hand side may be evaluated by:

g ‘)Ucosw dp = a:gllUCosn(P dq)]-’ g‘z%s‘

1}

X ’%{ Cosnd d = 30 cosnyl +n{ op SmnN(p = hUSth ﬁ}mh¢ le = -n’%

f

making use of eq. (E.18). Therefore eq. (E.23) becomes:

(E.24) %‘5% ~nm==C S(0-2ng)




Integrating:

41:'. r
E.25 d%?’ - = -
( ) d lZﬁxw d g fo-o e

The general solution of eq. (E.24) is:

50 = Ao+Bo§
(E.26)

¥ = An cosh(nD) + B, sinh (n)
Introducing the boundary conditions eq. (E.18) and (E.19) together with eq. (E.20)
and using eq. (E.25) yields the values of the coefficients A., and B,,

Substituting into eq. (E.21) and (E.20) gives:

0sl £ 7T Pz"l+-€‘~ 5—;-!- 'M&Smh(nv cos (n@)
¢

(E.27) _ D sinh (2ing)
m.2sy MMELLAME P+ %{ %(zng-g) -,‘,- jf%})—ii—’#‘igymnh(n(zn&g)) cgs(n@}

To find the flow we must take the derivative of the above equations:

. P
0&T£2Mx o

Hin

{ %— Z ;'::Srzr;rif; sinh (2T - cosh(nl) cos(nq’)}
AR

Sinh(2fing) cosh (n2mg 'U)WS(”?)}

P C
eMaeléeng  ore sinh(2MnE)

The mass flow ™M 1is given by eq. (E.4). Let the integration path be around
the boundaries of the rectangle so that:

3
N Y ¢ s
M= T 24MRT x"[ or g=2sg+ % ;-o] d?

Thus:
3

(E.29) M“ 24/uRT
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Analogous to eq. (E.6) we get:

CN(+¢) -

(E.30) AT ALV

The transformation from rectangular to polar coordinates is:

(E.31) [+i@= N-in(re”
ie

(E.32) g: N.lnri

(E.33) q)z Ne

where r' is the dimensionlesy radius with respect to the inner radius R;

Therefore

N R
(E.34) E=on'ln (%)
(.35) x= 5 n(§)

Substituting eq. (E.32)-(E.35) into eq. (E.27)-(E.28) and introducing the

previous nomenclature

R . R _ In
(E.36) =% X‘Te':' i t_n?
yields:

(E.37) Isr'éy pt= I+%{?T£g lnr'+2%m% sinh(nN{nr') Los(nNg)}
(E.38) y&r'my pi=1+ {2 P ln( v Z%;:‘:{:ﬁ';x} sinh(nN1n(2¥) (os(nNe)}

The load is determired by eq. (E.ll) and is evaluated numerically.
Since it is more convenient to have the above series in the same generval
form as the series in eq. (E.1l4), eq. (E.37)-~(11.38) shali be rearranged. These

series have the form:




- < 1 sinh(na) .
(%.39) T= % h Sinh(n) Sinh(nc) cos{nd)
Rewrite to get:

ws _n(b-a-c]

- ¢ 0 ind eind  ~nlta-d) - ) on(2e- ) mltasdc-idl  -nlla¥ e
(£.40) T = i- ,‘Z - .(,_e ') [CM"’C nnl_en(h d)_e a(&m‘_e nl2¢ td)__e.,,(z‘¢,4)+€ (4% .J)“.. M]

=)

From ‘he binomial expansion:

(-x)"'=2 x* el <)
K
we get
(E.41) (l-e"-z"‘)-'= .‘Z e b>0
0

Substituting eq. (E.41) into eq. (E.40) and interchange order of summation gives:

o« e
) ~n(2Kbab-a-c-id) _,(2Kpsb-a-c+id) -n(bsbra~c-id) -n(2kbsbia~c +id)
(2.42) :zuz‘o;*[c" +eﬂ ‘-_eh Q‘Ci_e"( -C 4§

-n(zn»-.+c-t¢)- e.,.(zm.¢|.-q+c+:4)+ e-nlzkhbﬂ'bc'a'lf* e-n(zxmmurd) ]

Introduce the expaneion:
s x"
2% = =ln(1~x) he) <)
Axd

Since b>a+c and a,b and ¢ are positive all the exponentiala in eq. (E.42)

are less than 1. Therefore eq. (E.42) becomes

43 T‘%il sinh d(2K0M u-c-:‘l)-siuh&f.?kmm-cm)-s;..hf(m»;....c.u).“,,,,ﬁm,‘,“m.‘)]
(843 & " sinht(2kbebarc-id)-sinht(2kbebrarcsidlsinh t{2kith-a-c-id) sinhi(diob-a-c+id) |
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From the relationships:
sinh 3 (c+y)- sinh 3{x-y) = 7 | coshx ~ (osM]]

cosh(xiy) = coshx-cosy T i sinhx-5iny

aq. (E.43) reduces to:

.46 T=) Sl [(OS‘:L(ZKH)B ~ 2 cosh (2+1)b -cosh (a~c) o5 d + cosh (a~c)+cos'd =i
o 4 & M cosk(2kH)b~ 2 cosh (2k+)b- coshla+c)- cosd + coshilatc) + cosd - |

Comparing eq. (E.37) and (E.38) with eq. (E.39) we get:
@45 l6r'fy  yer€ a-C'N'lh<§”r) a+c=N-ln(f75r) b=Nnlny)  d=No

(2.46) YErEmy lersa a—c=N'ln(¥r§} atc=N-(n(%) sz'l"{”?J) d=Na

where I is the dimensionless radius with respect to RC whereas F’ is
dimensionless with respect to R; , i.e, r9=5r‘ . Thus eq. (E.37)-(E.38)

become:

can $erel Pl ans i) +47]

C |
(E.48) |€ rém P2=!+xﬁ-‘{2Nr,§ ln(%’) +4T}
where -r' is devermined from eq. (E.44) in combination with eq. (E.45) and

(E.46).
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APPENDIX F

Effect of Eccentricity Ratio on Lcad Carrying Capacity of
Hvdrostatic Journa! Bearing

The analyses of the hydrostatic journal bearing in Appendix B and C are
limited to small values of the eccentricity ratio and predict a linear relation-
ship between load and eccentricity ratio. The present appendix is conccerned
with an approximate analysis of the journal bearing where the eccentrici*y
ratio is not small. If it is assumed that the orifice feeding may be repre-
sented by line feeding as in Appendix B, the Reynolds equation cutside the

feeding planes is given by eq. (A.14) without local feeding:

: [ y apz] ji 'S J
F.1 — =
@D gelhde It gl =0
where h=1t€cos6 . 1If it is assumed that the bearing ic shirt so that

Pl
g'§>7 35 s €q. (F.1) can be approximated by:
2

F.2) [)%[(chow)’gg] =0

with the solution (see Fig. 3, Appendix B, and eq. (B.7) and (B.8)):
- ¥
(F.3) 0%4[% P?= |+ f(o) (I ?)

(F.4) 0%4['4n P= |+ {(e)

where 415) is a function of & only. A similar approximatior 3 been employed
successfully for the hydrodynamic bearing, see Ref. 6.

Eq. (F.3) satisfies the boundary condition of ambient pressure at the end of the
bearing, i.e., P=1 for [z} . At U=0 the bearing flow must equal the

orifice flow as given by eq. (B.9):

(F.5) (lw‘scose)l[‘:')il'j')]r tor ‘” ] = A,Vm



-77-

Substitute eq. (F.3) and (F.4) into eq. (F.5):

(F.6) (!‘*’ftose)}'r( = ELVnm
If m 1is replaced by the approximate orifice flow equation eq. (A.27):
Py
-Vi- (@

kA N
where in the present case P;" ,*‘(9) from eq. (F.3) we get:
3 NG
(I+€cose) = EALV V=14

or

z-Az 3
(F.7) flo)= 2(_l+££7’_567‘7[ I+\/|+i(‘¥]i—(l+£cose) ]

The load carrying capacity W  is found by integrating the pressure:

T (% "
w---/ra;e‘{ [K Pdl + S Pdl’ | | e de

Using eq. (F.3) and (F.4) we get:

] b L
W _ & 2f (el S I Y v
(F.8) FDGL) - " Eam 3§° 7 Cose de Tm | I+f (ose do

The integration is carried out numerically.

The total mass flow is giver by

(F.9) M, = ,_Z'E_Cﬁ_ E!— S f (!+£¢ose) de
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APPENDIX G

The Dynamic Load Carrying Capacity of the iydrostatic
Journal Bearing with Orifice Restricted Line Feeding

When the journal performs harmonic vibrations, pressure will be gererated
in the gas film due to tre com»ressibiliity of the gas as indicated in Appendix A.
The present appendix is concerned with an analysis of this dynamic load when the
eccentricity ratio and the vibratioa amplitude is small.

The goveruing equation is Reynolds equation (A.13) and the bearing configura-
tion is shown in Fig. 3, Appendix B. If it is assumed that the jourmzal perform
harmonic vibrations with frequency W such that the motion is either purely
translatory or a rotation around a transverse axis, then outside and between

the feeding planes eq. (A.13) becomes:
o3 sz p* a(Ph)

where ¢ 1is the frequency number:
2

_ lRmw (R

(6.2) S = -—-g—- T
3
) R C Lt
When the journal performs translatory motion with amplitude Ré€ Ee around
the concentric position the dimensionless film thickness is:
< T

(G.3) h= Re{l+é.e‘ CoSe}
Expanding the pressure in a power series of the amplitude and assuming §<<f{

so that only the two first terms are retained, we get:

(G.4) P=P,+Re{ £ B}
.5 P'= P* + Ref 26 P}
Also:

(G.6) W= |+ Re{3se"(°59}
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Set:
6.7 %= H([)wse
and substitu-e :q ’G.4)-(G.6) into eq. (G.l) to get:
(c.2) R 4 O

oe? ar b _

where 3o S0 because of Sljmmefnj

d°H (6 -
(G.9) AT —(1+ Q)H = {¢P
Referring to Fig. 3, Appendix B, the solution of eq. (G.8) is:

2

(c.10)  04[< P= I+q(¢+])

f 2
@1y 0%L4ny R=1+q8
At I::O the bearing flow must equal the orifice flow as expressed by
eq. (B.9):

12 T 3 , -F aP

(6-12)  (J+eeioso) o MJ = AsVm

Insert eq. (G.4)-(G.7) and expend M as in eq. (B.1l0) to get:

P éPo -
(G.13) - 5—;;— ’ A t\/,ho

dH| _ dH}] _ 3 — Aeme
(G.14) d; - d;' S'- ? AtVrn, 2',“ Hi

Eq. (G.13) gives:

(G.15) 3= AVm,

]
For 055 ‘—/"'7 eq. (G.9) may be solved since B is constant, sce eq. (2.11).

H
From symmetry ::‘F"E;O and therefore the solution of eq. (G.9) is:

, i iaR ] coshllatip) g%
(g.16) Q%[4m H [H‘ + I+ 1} ] coshmla+ip) |+ Kﬁ-
where H{= H;gq and:

(6.17) o(-H‘G V1+




(G.18) \f[l*‘ i+ m, ]
(6.19) P\/ l+\/| E)z]

Substituting eq. (G.16) and (G.15) into eq. (G.l4) gives:

(G.20) 5—? §=°= % q_ H‘ ,’g (e(hﬁ tanh n?(olﬂﬁ +[o\+1/5 fanhq dﬂﬁ) __:t2 f';: ]Hc

where:
(G.21) B =V I+q¢
Thus eq. (G.9) should be solved in Oégéf with eq. (G.20) as ore boundary

condition and H(£)=0 as the other boundary condition. The solution is
ohtained numerically as shown later, but first the equations for rotational
vibrations will be derived.

When the journal performs rotational motion with the angular displacement
Re{d efwt} around a transverse axis perpendicular to the journal axis at E"-‘O

(see Fig. 3, Appendix B) the dimensionless film thickness becomes:

(G.22) h= 1+ )gde Cose
Proceeding as in the translatory case we get:
(6.23) P= P, +Re{de’ P}
(G.24) P*= B?+Re{24e” RP}
(6.25) K= 1 +Re{ 3§ ae’™ s
Set:
R
(G.26) BP = (8) H{) cose
so that eq. (G.l) becomes in addition to eq. (G.8):
?

~3%k oy

(G.27) d{ ~(1+ 3£ ) 330 ORT

P
Since 33‘*0. f; is given by eq. (G.10) and (G.11). As R is
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constant for Oéglén? eq. (G.27) may be solved between the feeding planes.

¥iom syrmet:y H;‘=o=0 so that eq. (G.27) gives:

i8hm 1 sinh U'larip] . idRT

(G.28) 0« Z'-‘-Qz H= [H + i+1§]smh mla+ip) ) H*pé

where d and /5 are given by eq. (G.18) and (G.19). The boundziy condition

at [=(0 1is given analogous to eq. (G.12) by:

)= ]\.t(\/mn‘F(j})o(eiir % H; cose )

.29 (1+3E)maecoso)(~ 4 ' 7 3%— e

Introducing eq. (G.28) we get in addition to eq. (G.13) and (G.15):

L4 fog

(G.30) o eo = ‘}q_n] ’_g.—?‘[rq(aﬂ,% coth nl(otﬂﬂ) - l] [(dﬂﬂ) (oth fq(’+c/3) Atm]H{

dt

Hence eq. (G.27) should be solved in Oéyég where eq. (G.30) serves as
one boundary condition and H(§)=O as the other condition.

Eq. (G.9) and (G.27) has the general form:

1A translatory

oo pctse L4 —(s@hnr e "
(0.31)_Q_f' d d(‘ (l+ B)H—F‘ %f._i-l'idPo(l_;'f",) rotational

where B is given by eq. (G.10) and H and F are complex:

(G.32) H= h.+ih;
(G.33) F= ﬁ.+(ﬂ'
The boundary conditions are:
(G.34) H(§)=0
dH . .
(6.35) Ho = 4T 't , Ta+ib+(c+id)H,

Eq. (G.31) is solved numerically. To get it in finite difference form, irtegrace




twice:

T o .

L) '

(G.36) H= g (K[(+ R,/,i—i-n:]ouj)o(XJf [H,+H,

v "o
Set:
(G.37) G={I+4¢)H+F
and integrate the double integral by parts to get:

L9 )
(G.38) H=-g (§-x) Gdx + TH,+H,

(]
To write this equation in finite difference form subdivide the interval (}*g
in M increments of lergth AE"S; and integrate by the trapezoi.dal rule:

©.39) O0fnem-l  Hy = H+ (D364 46+ -+, ] +alH,

For computer calculations it is convenient to set:

.40)  Hy=5, +isn +(t, +itn) H,

(G.41) (Amzl-éao"'e,'fcl{f oo +Gn ] = Pent {Pin + (an+ "q,in) Ho

Then frem eq. (G.39), (G.35), (6.37) and (G.33):

(G.42) Pon= V1+g(m-n) o

@4 prn= Pan + AU S S0+ frn]
(G.44) Pin = Pi,n- +(A()2[s;,, + %,,;s,,,‘r k. ]
(G.45) Grn= @+ (aD) [ ten ™ £ tin
(G.46) Qin= Qi+ (00 [t + & ten]
(G.47) Srne™ Srnt Pen + @-A[

(G.48) Stan= Sin + Pint b-al

(G.49) Lnd tentGra+ 0T

(G. 59) s tin + g, +d-al
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To initiate calculations set.

(G.51) Pro = : (AUZ‘F,-O
(G.52) Pio = 3 (a0 fo
2

(G.53) qro = 3 (A0)

- 2
(G.56) q;, = 1(a7) ‘,%
(G.55) Sro = Sie= t;,,=0
(G.56) o=
Thus the method of calculation is: 1) presct P,-,,P;o,q,.,,,“',f,-, from eq. (G.51)-

(G.56); 2) set h=0 and calculate eq. (G.47)-(G.50); 3) increase h by 1
and repeat the cycle eq. (G.42)-(G.50) to N=Mm-l | shere the boundary

condition eq. (G.34) gives:

Hm= Srm ¥ isfm + (trm+ftfm) H,, =0

or:
Spm+ (Si
b —Lh-‘__‘_”_'- - + H .
(6.57) Ho 'tv-h.'fl't.'m h" ‘hw

Having determined Hb we may find H,..’ h,-,.+t'h;., from eq. (G.40). The

pressure is calculated from eq. (G.7) and (G.4) or eq. (G.26)and {C.23):

£
(G.58) %ﬁﬂﬂa P=P + F,,,( hpa COS@Wt = hiy: sinwt) (ose
(6.59)  rotational F=P,+ (%) %}, (her, @St = hin Sinwt) cose

The dynamic load carrying capacity WD and the restoring moment MD are

obtained by integration:

11 3 4 ” .
c.60) lrangiatery  Wp=-25 R‘X ”(P'*E“TECOSO)(J{‘*X(Pﬁﬁe‘r% cose)d[‘}wsgde

(] (4

w

(6.61)  rotational Mp= -2RR’ [S‘(@q) P+(§)de‘t5(ose)d§+( +E)ae’ pCoso)dg]CoSede
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In dimensionles form:

¥ §
(©.62) & DX:L.)e. = 2(;:,7) {*—cosmt[x T dl +§ -?,‘ d{ ]+ Sinwt[ E’&" J‘%d ]} W, coslut-¢,)

¥

M ! :
(G’63)E-D"(L+LD.E(§)¢= 4(2@){-““0*[8( ”'I)P dl +§'§ d(]ﬁmwt[‘}q} d[+s ]} My coslwt-),)

The integrals g dg are calculated numerically from the above obtained

1
values of lén . The integrals g d( can be evaluated from eq. (G.16] and
o

(C.28):
{wt

(G.64) tramslatory  ~ %~ SHd; - Gguttisinad {(H +—-;-)(oui/})fanhq(an’ﬂ)-idﬂq}

iwt

(G.65) rotational - %’X('Hd(' == sg‘;giii_w”{("‘, n *)(nl(dﬂ'ﬂ)wdl q(Mi[&)")'i%qu"}

where:
(G.66) (d+i/3)2= |+ -‘pﬁ (see eq.(G.IT)
. oa) = d-Sl’nh(bg)-/S-sin(?mp)+i(d.sfn(?qﬂ)+ﬁ sfnh(?/qd))
(G.67) Q*lp) {dnh ”I‘ﬂ“‘(p) Cosh(?ff’d)""(DS (2'7/3)
] o Sinh(29a) +f3 sin(2mp)~ {(a sin(2np)-f s;nh(ZQa))
c.68) (a+p) coth mlatif) = cosh (274) = cos (27f)

ighi _ +ich
(G.69) --——-H -‘1';—@;-‘-
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APPENDIX H

The Dynamic load Carrying Capacity of the Hydrostatic
Thrust Bearing with Orifice Restricted Line Feeding

When one face of the tl.rust bearing performs harmonic vibrations, pressure
will be generated in the gas film due to the compressibility of the gas. The
present appendix is concerned with an analysis ¢f this dynamic load when the
vibration amplitude is small.

The governing equation is Reynolds equation (A.20) and the bearing geometry
is shown in Fig. 5, Appendix B. 1If it is assumed that the vibrational motior
with frequency W 1is either purely translatory or a rotation around a diameter,

then outside the feeding planes eq. (A.20) becomes:
» 331 Lo [p P ). ., oPh)
oo AL ERE ] 0 i

where ¢ 1is the frequency numzft:
R C
and R; is the radius of the orifice circle.
twt
Let the vibration be purely tramnslatory wich auplitude RC{(:EC‘M‘} where

C deaotes the equilibrium film thickness. Then the dimensionless film thick-

ness is:

(4.2) h= 1+ Re{&e"'}

Performing a first order pertubation in € we get:
(H.3) P= P, +Re{€e'"F}

(H.4) P*= P+ Re[2e€™R,R}

(H.5) W= 1+ 3eel

Set:

(H.6) RP=H()
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and substitute eq. (H.2)-(}.6) into eq. (H.1l) to get:

[ R IR
(H.7) F-é-[ 37}+ F‘?;' =0
(H.8) ‘,l:jL[ g;] - ‘lEd' H= (sR

Since g%=0 because of symmetry eq. (H.7) gives:
2

@9y lértn  B=1+g, In(F)

(u.104¢ré|  B'= [+ fgr ln(ar)

where r=%, and ""X and {3 are defined in eq. (B.30)-(B.32). At r=| <he

bearing flow must equal the orifice flow:

(H.11) (]+3ee"( g—L %) (1+g) A+Vm = (H/»A (Vm. T Ee‘rH,.,,)
where At is as defined in eq. (B.36):

(H.12) I\ 'zé‘ g}‘f:,;’;ﬁ

Hence:

(H.13) 4r = ArVm,

(H.14) Lam ar L_:M = (Hﬁ)(;‘% - ‘J%%h;" H:)

Thus eq. (H.8) is tn be solved with eq. (H.14) as one boundary condition and
\ ,
(H.15) H(5)=Hlm) =0
as the other bouudary condition. This will be done numerically as shown later.
tal
If the vibration is pure rotational with aagular displacement Re{cl !“‘} around

a diameter, the dimensionless film thickneass becomes:

(H.16) h=1+ Re{ (ﬁae"’rsine}
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A first order pertwbation gives:

.7 P=P, + Re{de" R}
(k.18) P=p*+ Re{2ae TR, P}
(H.19) K=+ 3(%‘)9(3&}"5;016
Set:

(H.20) R,P,’-(%‘) H(r) sine

and substitute eq. (H.16)-(H.20) into ¢q. (H.l) to get in addition to eq. (4.7):
| d H L, R .
(H.21) Fﬂ[r‘g?}—(?r* %)H:-%JF +i8Rr

where B is given by eq. (H.v)-(H.10). At r=| the boundary cordition is
given by eq. (H.l4) and the other boundary condition is eq. (H.15). Eq. (2.8)

and {H.21) are solved numerically. They have the general form:

(H.22) + f;[r fl[g] ~EH=F
where:
[ ¥
(H.23) E=e+ler=4 [ .
b
) iR
(H.24) F={r+l‘:i= J Y-
[ % §2 +ihr
(.25) H= hy+ih;
The boundary conditions arve:
H(»ﬂ= H(§)=0
, dH} __ dH -
(H.26) d"’r:;m ;—;L,_o a+bH;
where:
(M.27) a=3(1+p)q,

J\:rhn’
(H.28) b=~(I1+p) 55
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(H.22) into finite difference form, integrate twice:

To get eq.
r X
H:g-}(g 9(EH+F)dt,)dx + lhr- H;’ + H;
where = “Bl,.ﬂ and H = H,.,, . Set:
G=EH+F

and integcate the double integral by parts to get:

H= (X In(£)Gdx + lnr- Hi +H;

(H.29)
‘1
Set
) dH
(H.30) Hy = dr ', =140
(H.31) Ho=Hi=H,

Then eq. (H.29) by use of eq. {(H.26) becomes:

(1.32) l£rém H=§x In(Z) Gdx + nrH, +H,

(H.33) ‘St tr4| = g x In(E) G dx —a-lar +Inr-H, +(I=b{nr)H,

Subdivide the integration interval in m increments of length

o lirey
(H.34) Ar= |-
___f_ J‘aﬁérél

and integrate eq. (H.32)-(H.33) numerically by the trapezoidal rule to obtain

their finite difference form:

+(n+l)Ar) M[%Go*(l“m"@a* -==-+(]+nar) G,,]+ H, ln(%lﬁ’r)

(H.35) .Léﬂl Hny= Hn+ln(l+n ar

12r2d Hoy=H,+ ,‘,,,':L”) Ar[% GH{(1-ar) G, === +(l-nar)G, ]
+(~a+H,~bH,) In (||~(::2")
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To calculate eq. (H.35) on the computer set:
. . ! . ;
(H.37) H, = Sa *iSin + (tn+ito)Ho + (Vent Vin) Ho
= . { . .
(1.38) Ar[%G,ﬁ(H' Ar)G,+"“'+(|+nar)G,,] = prntipint (Qpnt (qin) H. + (Von + (Win)Ho

(H.39) Ul,., E H +F €rn Spn™ msin+£rn+i(ernsin+eih Srn +{' [e'ntrh‘eintfr+i(erntlh+enhtrn)] H:

[e,-..\/rn €inVin +L (ernvgn+e|nvrn)] H

Therefore:

(H.40 P, = \ﬁ+quh(ﬁ%—a?)

(H.41) erm= 0 (‘transla’romj) +n Ar) (rotat(onal)
@) em= B (—) g (——)
@43 fm= 0 (— ) dmay ()
(H.544) fin = 4P, (——"——) §P (1+nar) \ (—u—)
.45 P = Prasi +ar (1+nar)(€rn Sen = €inSin+frn)
(H.46) Pin = Pl +ar (1+nar)er, Sin+ €in Srntfin)

(d.47) Qrn= Q-r,n-l+Ar(I+“Ar)(crntrn-eintin)
(H.48) qQin= q.ina +M‘(|+nl.\r)(€n. tin + efntrn)
(4.49) W= W,-',.-.""Ar ( H""A")(ernvrr\ - einvin)

(H.50) Win= wl,,,+Ar(|+nar)(c,.,,v.,,+e Vin)

4 (ntl)ar
(H.51) Srrm Srn+ln(|+nar‘ ) rn



TN

I+(n+lltsr)
l+nar Pin

(H.52) Si,nﬂ Sin + ln

(
(I+(n+HAr) )

\+nar

1]

@.53)  Tram tn

l+§n+| lAr'

(H.54) t{,nﬂ = .tm +"h l+nar

Bne®) 4
(t+!nﬂ)ar)
) wi

(4.55) Vena = Ven T Tenar o
(H.56) Vina = Vin +ln(%ﬁkr

To initiate the calculations we have:
(H.57) Svo= S =1, = tu=Vy =0
(H.58) Vo= |

(H.59)  Pro= Zarfy

(H.60) P ™ zarf,

@.61) Q=% =0

(H.62)  We=tare,

(H.63)  Wi=tareg

The calculations proceed as follows: 1) preset ngshf“n"““ﬁo from eq. (4.57)-

(H.63); 2) set h=0  and calculate eq. (H.51)-(H.56); 3) advance h by 1
and repeat the cycle eq. (H.40)-(H.56) till h=m-I . The test calculation

results in:

{1.64) Hr?: Hm = Sr;.'+isl.'7 + (tr.\,"‘ lt(q) H: + (V,-,""iV;q) Ho =()

Lersy

A similar calculation is performed for Y = from eq. (H.36). Ihe

previous eq. (H.37)-(H.56) are used by replacing N by =-n and (h+l) Dy
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—(n+0 and making the following changes:
(H.40a) P.= \ﬁ+pq,ln(x(l—nar))

(H.43a) f.= 0 (translatorg) ""% |%F (rotational)

(! (n+ﬂAr)
(H.S1a) Sentt= srn+'\“ | -nar

- l (|- nH)&?‘) (
(H.55a) Ve n+i VenT D\ 1onar
Proceeding as above we get:

(H.65) H, = Ho= Sry* U5y +(tr5+tt.,)H +(v, +le)H

Solve eq. (H.64) and (H.65) together:

H' — (Srm"’ \Sm (er'*'lV&x) (er‘*'tslx)(Vm-HVm,) ! !
o L aad *

(H.66) - (trq‘*l‘.nq)(\/}-‘*‘t\hx) (trg'”tta)(vrq +Lvl’7)

(H.67) H,=— (tet itin ) (sry+isiy) = (try + tti)(seq+isia’ _ hyo+ Uhis
(t;q+tt;q)(V,-’+LV‘x) (trx+ltla)(qu+lvtl1)

’ .
Having determined Fk and F*o , we can calculate Pih= krh+lh{h from

eq. (H.37). The pressure is obtained from eq. (H.6) and (H.3) or eq. (4.20)

and (H.17):
(H.68) Yranslator B,=Fnt ‘%; ( by Coswt —= hi,',~sinwt)
(8.69)  rotational Ro=Rnt (Bf‘)'%,‘, ( by, o5t = hin sinwt) Sine

The dynamic load carrying capacity VV% and the restoring moment qu are

obtained by integration over the thrust bearing:

. '3 |
(H.70) Wy =-PaRc§ irPdrde
° 'y

WM
(H.71) M,,=‘PaR:X %tr‘Psine dr de
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1f, in calculating Wp , the static load is disregarded we get:

] m
W, - ) . ni
(H.72) —b— = Z—I[wwt( rl,;far -—smwt&rﬁ alr] = WD' cos(wt-—(})w)
¥

MRRe M J?

" "

(H.73) -——mp—r— =L [Coswt&rl% dr — sinwt Xr‘z

h _
TRRR(E)a ' . T’:dr} = My coslut=u)
i

4

The integration is carried out numerically.
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C

200

201

202
203
245

204

278
’°ng

207
208

220
247

254

255
256
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MECHANICAL TFCHNOLOGYsINCe JORGEN WoLUND

PNNN20=HYDROSTATIC JOURNAL AND THRUST BREARING

DIMENSION FLAM(100),AREA(100)sVLST(106)sPSLI100)35PALLE100)9EPS(50)
lEP§3(50),P7(?1),PI(?I"GAML(IO 19NGAL(100)90ST(50) 4PRST(50)
2PR2ST (50) s DUMMY (500) ~

READ 100 '

RFAD 101

WRITE OUTPUT TAPE 3,102

WRITE OUTPUT TAPE 3,103

WRITF OYTPUT TAPE 3,100

WRITE OUFPUT TAPE 3,101

READ 104 3LMByNVINIT4yMIL sMDIMsNDIAG s INPyNPRT

READ 1074PCFC

WRITE OQUTPUT YAPE 3,105

WRITE OUTPUT TAPE 34106sLMBsNVsNITyMILsMDIMyNDIAGyINPyNPRT
WRITE OUTPUT TAPE 3,136

WRITE OUTPUT TAPE 3,1374PCFC

IF(MDIM) 20442015204 "o

READ 107s(FLAM(T)sI=1sLMB)

READ 1074(VLST(TI)sI=1sNV)

IFINJT) 203,202,203
READ 10T7,FLD¢FLID
GO TO 207

READ 1079FTAGAM
IFINJT) 207+202,245
READ 10T o (EPS{T)s1=14NJT)

GO TO 207 .

READ 107;VISC;RTgHN,CLRZ

READ 107+ (PSLIT)sPALII)sT=1sNV) . .
RFEAD 1074 (ARFA(I)Ys1=1sLMR)

IFINJT) 20642055206

PEAD 107 +RNDWRLWBLI

GO TO 207

READ 1074R14R24RC

TFINJT) 207420545245

IF(MILY 270,209,208

RTAD 107+CRsSASCACCAD

GO TO 209

TFIMIL+Y) 21492474209

READ 129,ADC,LVC

IF(LVC) 25442554254

READ 1073 (GAML(T)s1=2426)

GAM23100

NGAM2=20,0

GAML(1)1=1.0

WRITE OUTPUT TAPF 3,138

WRITF OQUTPUT TAPE 34112+(GAML(1)s1=21425)
GO TO .256 .

READ 1079 (GAML (1) sDGAL(T}sI=14NV)
EX6=240/(ADC+140)

EX121.0/(ADC=140)
EX7=(EX6#*EX1)*SQRTF (EX6*ADC)

EXG=2 O*EX1

EX1=ADC*EX]

CRP=EX6#%EX]

FX3=SQRTF{2,0%FX1)

EX2=1.0/EX1

EX5==EX2

EX6=1.0/EX6

EX1=21.0/ADC

DIT=(140~CRP)/50,0

CX=CRP
nA 5"/ 1~-1 &N
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pesay Tr=CX*OX
IHA “Qnﬁfi3-Fx
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ARG [FIMAIMY 2102149210
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213 ¢L57523=P3L(I)/PAL(T)
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mo M

o

r+ o o—- D

MY 71592179215
={ QGF {FTA)
3F L GAMY
FLFTA/CH
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MO TMY 21893004218
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Gk 6= {C1=C? /20
CHES=(CL14C21 /260
TF{FLID: 2769277276
SFe 17 eNFFLID
Cil=FaPF C1l)
TAH’fToO—Ci}/(1.O+C])
FHFE Y= TAH/ELLD
GO TO 249
277 TAH=0.0
THET=21 .0
264G PR3 1, =160
FOs- 0 e
LV LMD MY 21853007 1R
T L2 eV ISC
R i :r”l:"\l
{ =50RTFI3R6 N69%RT)
i AM RM*C 2 /0
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303 DO 421 J=1,4NV ~-96~
VaVLsTd)
v2 V¥V
VM 2y 2=140
IF{MNIM) 30443059304
304 PA=PAL(I)
PAD=PA*PA
FLM=FLMT/PA
FLFCT=CFLW*PA?
CACP=CAC®PA
CADP=CAD /PA
G0 7O 241
308 FIM=FLMT
241 IF(MIL+1) 306924247306
242 TF{LVC) 30642579306
757 GAMZ=GAML (J)
DGAMZ=DGAL (J)
IFIMDIM) 243430657473
243 FLM=F{M*GAMZ
P2 CALCULATION
306 K=1
3NT FLME=FLM/FEPS3(K)
FLFE=FLFCT#*EPS3(K)
IF(NJT) 30953084309
308 P2LD=FLD
GO TO 310
309 P2LD=FLETA
31N IF(MIL) 22193114312
311 Ci=FLME/?2.0#P2LD
C2=C1#C
Cl=C1#FLME
P2=C1%({=1.0+S0RTF{140+VM1/C2))
C1=300*p2
C2=FLMF /2 O*FLMFE/P?
GO 70 225
21?2 Cl=FLME*PDLD
Cz=VM]
MTST=N
C3=V=1.0
Ca4s0en1#C3
CX=Ca
TF{NPRT) 379,2134329
329 WRITF OUTPUT TAPE 3,108
313 CHh=V=CX
C5uCH5RCH=]1 40~C1¥CX/(CX+SA)R(CX+CBY*(CACP*CH5#CH+CS+CADP)
IF{NPRTY 31443154314
314 WRITF QUTPUT TAPE 3431094,CXeCS
3168 [FIMTST) 316331649319
216 Ce=CH%*CT
TF{CH) 31893304317
317 (x= X404
C7=CH
IFICXx~C3) 31293134440
318 MT&T =]
Ci=CH
CX=(X=DeHRCYH
GO 10 313
319 C1=CanCh
Cl=2402(C24CT=2,0%C5%)/C)
C2=.C7-C2Y/C4
TFICT1Y 32143204321
3zN (6:=+C5,C3
GO 10 324



371 C4=0,5%C3/C1 -97-
C6=SQRTF {C4*C4~C5/C1)

IF(C4) 3224322323
322 C6==C6
3723 C6=C6-CH
324 CX=CX+CH
330 Cé=V-~CX
P2={C6%CH~-1,0)/P2LD
C5=CX+SA
C2=CX*®(CX+CRY/CS
C3=CACPRCOE%CH+CE+CADP
Cl=3,0%FLMF®C?2(C3
C2=0eSHFLME/COR{ (1 e0O+SA/CS#(CR=~SA} /CHIRC3=C2% (2O XCACPXCE+1.0))
GO TO 325
221 TF(MIL+1) 25392594311
259 Cl1=FLME*P2| D*v
CX=SQRTF(1.0+C1*EXTY/V
IF{CRP=CX) 2234922246222
222 P2=FLME®V®EXT
C1=3,0%P2
C2=2=0eSHFILME /VRHEXT /CXADGAMZ /GAM7
GO TO 244
223 C2=V7?%CRPRCRP=]1,0~CI*EX7
MTST=0
L=2
C4=2,0%DIT
IF(NPRT)Y 22442604224
224 WRITF OUTPUT TAPE 134132
26C TF({LVCY 26142254261
22% C5=V2#PR2ST(L)=1,0-C1%#QST(L)
CX=PRSTI(L)
IF(NPRT) 226492274226
226 WRITFE OUTPUT TAPE 3,1094+CXeC5
227 IF(MTST) 228422892131
228 (6=C5%(C?
IF{C6) 23042374229
229 L=L+2
€2=C5
IF(L-50) 22542255441
230 MTST=1
C7=C5
L=L=1
GO TO 225
761 M=2
262 VC=GAML (M)
263 CS5=V2¥PR2ST(L)=140/ C1#VCHQST(L)
CX=PRST (L)
IFINPRT) 26442654264
264 WRITE QUTPUT TAPE 3,1094+CXeCS
265 1F{MTST) 26642669231
266 C6=C5%C2
IF(C6) 268972379267
267 L=L+2
Mx=M4 ]
C2=CH5
IF{L=50) 26242620441
268 MTST=1
C7=CS
L=L-1
VCM=GAM| (M=1 )
vCs=vC
DVC=(VC=VCM) /C4
VC={VC+VCM) /240



231

234
235
236
237

269

270

27
244
238
253

325

326

272

340

3461

GO T0O 263

Cl=C4xC4h
Cl=2.0{C24CT=2N%C5)/C1
C3=(C7~C2) /Ch

1F(C1) 233423242373
C6==CH5/C3

GO TO 236

C4=0,5%C3/C1
C6=SQARTF(Cu*C4~C5/C1)
IF(C4)Y 23442354235
C6=~CbH

C6=C6-C4

CX=CX+C6
P2=(V2%*CX%CX=10)/P2LD
EX2=CX*¥#EX1]

C1l=3,0%P2

IFILVYC) 27042699270
C4=P2 /FLME/V

C5==DGAMZ /GAMZ

C6=045

GO TO 271

VC=VC+C6%DVC
C4=VCHFLME*V

C4=P2/C4

C5==DVC/VC

C6=045%VC

C2=COo/VRFILME /CXR(CHRCLH+EXLGHEX2/CHU*(EXL=-EX2/CX))
IF(NPRTY) 23893255238
WRITE OUTPUT TAPE 3,109+CX9C1
GO TO 325

Cl=3,0%P2

C2=SQRTF (1.04P2%P2LD)
C2=0.5%V/C2

IFINJT) 35093264340
JOURNAL BEARING FORCE CALCULATION
SLP=C?2

€2=C2+TAH

CS5=FLD* (CHKS+C2#PCFC®*SHKS)
PFCT=C1/CS

CS5=FLD* (CHKS+C2#SHKS)
P1FC=C1/C5

IF(MIL+1)Y 37243719371
FRC=PFCT#FINT]
FRCM=FLD®PFCT#P1( 1 )1#THET
GO TO 400

THRUST BEARING FORCE CALCULATION
Cl=ETA%ETA
C2=1,0/GAM/GAM/C]
C3=1,0+P2#FLETA
C4=SQRTF(C3)/C1
C3i=P2/C3

CS=rFTA®P2
C8x{FTA=1,0)/20,0
CXnl1,0

NO 341 L=1y21
CT7=LOGF{CX)
CT=]1,0=C3#C7
PZIL)=CX®SQRTF(CT)
CX=CX+C8
C9=(GAM=1,0)/20,0
CX=1,0

DO 342 L=1421
CT=LCGF(CX)
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C7=1,0+C5%C7
P1(L)=CX*SQARTF(CT)

342 CX=CX+C9
C6=PZ(1)1-P2(21)
C7=P1(1)=-P1(21)
D0 343 [ =2420s2
CO6=CO+40%¥PZ(L)+2,0%PZ(L+1)
343 CT=CT+440%P1{L1+2.,0%P) (L+1)
FINT1=C6%C8/3.,0
FINT?2=CT7%C9/3.0
FRC=(C4*FINT1+C2*FINT2)%#240+C2~140
FRCM=P1{21})/GAM
GO TC 400
380 PFCT=1404+C2%¥PCFC*FLFTA
PFCT=2,0#C1/PFCT
PIFC=10+C2%FLFTA
P1FC=0452C1/P1FC
SLP=C?2
IF{MIL+1) 35593544354
355 FRC=PFCT*(FINT14FINT2)
FRCM=PIFC*P2(1)*ETA
OuUTPUT
400 DPW=P2*LOGF (V)
IFI(NJTY 4024401,402
401 WRITE OUTPUT TAPE 341104FLDFLID
GO TO 403
402 WRITE OUTPUT TAPE 34111
WRITE OUTPUT TAPE 34115
WRITE OUTPUT TAPE 345112+EPS{K)sETASGAMyFLETASRETA
403 WRITE OUTPUT TAPE 34114
WRITE OUTPUT TAPE 34113 +FLMEsVsP2sFRCeFRCMsDPW
IF{MILY 24044055404
240 IF(MIL+1) 40592464405
246 WRITE OUTPUT TAPE 3,133
IFLLVCY 272427349272
272 WRITE OUTPUT TAPE 34122+4ADCeVCsDVC
GO TO 405
273 WRITE OUTPUT TAPE 341225ADCsGAMZ sDGAMZ
GO TO 405
404 WRITE OUTPUT TAPE 34116
WRITE OQUTPUT TAPE 341179SA9sCByCACCAD
405 TIF({MDIM) 406494154406
406 WRITE OUTPUT TAPE 3,118
WRITE OQUTPUT TAPE 24113sPSLIJYsPASVISCHRTHIHNIAR
FLW-FLFE*P2
PW=RT*FLFE/6600,0%DPW
IFINJTY 41144074411
407 WRITE CUTPUT TAPE 34120
WRITE OUTPUT TAPE 341194BDsBLeRL1sCLR
CX=0,T78539816#RN*PA
C7=CX*R{1
CX=CX*RL
FRC=FRC*(CX
FRCM=FRCM*#C7
TFR=FRC+FRIM
STF=TFR/CLR
WRITE OUTPUYT TAPE 3,121
WRITE OUTPUT TAPE 34113+sFLWePWsFRCHFRCMyTFReSTF
CX=PA®FLLD/2.0%P1FC
Co=PA®PZ (1)
C7=CX*P1(1)
SLP==2,0%P2(1)/FLMEXSLP
CRT=PZ(1)/V



408

40N9
410
411

423

412

426

413
414
424

4?25

415
416

417

41R
419
4/0

WRITE CUTPUT TAPE 3,123 ~-100-
WRITE QUTPUT TAPE 341124C69CT7oFINT19SLP,HCRT

IFI(NDIAG) 40844104408

WRITE OUTPUT TAPE 34124

C6=BL/40.0

C7=0.0

DO 409 L=1s21

Pt )Y=PARDZ (L)

P1IL)Y=CX*P1(L)

WRITF OQUTPUT TAPE 341725sCT79P7(L)sP1IL)
CT=C7+7¢%

GO TO 430

CX={140+EPS{K}))*CLR

WRITE OUTPUT TAPE 3,126

WRITE OUTPUT TAPE 34112+R19R29RCyCLR$CX
CX=341461592T#PAXR1I#R1

FRC=CX*FRC

FRCM=PARFRCM

IF(NJT) 42444304423

WRITE OUTPUT TAPE 3,127

WRITFE OUTPUT TAPE 349119+FLWsPWsFRCHFRCM
IFINDTIAG) 41244144412

WRITE QUTPUT TAPE 3,412¢
Cl=C4¥C1%PA*RC

Ch=PA%R?

C2=(R1-RC)/2GeD

C3=RC

C5=(RC~=R2) /2040

C6=R2

DO 413 L=121

PZIL)=PZ(L)*C1/C3

P1{L)=PI(L)*C4/C6

WRITE OUTPUT TAPE 341284C69P1(L)sC34P2Z2I{L)
C3=C3+C2

C6=CH4+CH

GO TO 430

STF=FRC/CLR
C3=PA%SQRTF(1+0+P2*FLETA}

WRITE OUTPUT TAPE 3,134

WRITE OQUTPUT TAPE 34113 +FLWIPWIFRCsSTF 9C34FRCM
TF{NDIAG) 42594309425

WRITF QUTPUT TAPE 3,129

Cl1=P1FC*PA

C4=R2*RETA*C]

Cl=C1%*R1

GO TO 426

TFINJT) 42764164420

WRITE OUTPUT TAPE 3,123
CX="LD/2.0%P1FC

C6=P1({1)*CX

SLP=~2.0%#P2{1)/FLME*SLP

CRT=PZ(1)/V

WRITE OUTPUT TAPE 251124PZ(1)9C6sFINT19SLPSCRT
IFI(NDIAG) 41794194417

WRITF QUTPUT TAPE 3,124

C5=FLD/2040

C6=0,6,0

NO 418 L=1s21

Cl=PY(L)*(CX

WRITF OUTPUT TAPE 3,1254C64PZ(L)sC1
Co6=CH+CH

GO TO 430

IFI(NDIAG) 421+4304421



™

421

422

427

428

429
413N
431
432
440
541

371

327

328

354

WRITE CUTPUT TAPE 34129
(1=C1*%#C4
C2=({FTA-140)/20.0
C3=1,0
C4={GAM=140)/204,0
C5=100

DO 4722 L=1471
Ce=CI1*PZ(1LY/CR
C7=P1(L)Y/C5

WEITE CUTPUT TAPE 241284C53CT9C34CH
C3=C3+C2

C5=C5+C4

GO TO 430

WRITF QUTPUY TAPE 13,135
Ca4=35QRTF(1.04P2*F{ FTA)
SLP==20%C4 /FIMERSLP
C5=C4v
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WRITF OUTPUT TAPE 2431134 C4yFRICMGFINTIGFINT?2,51{PsCH

IF(NDTAG) 42844304428
C1=P1FC%RFTA
C2={FTA=1,0})/20,0
C3=1,0
Ca={7AM=1,0)/20a0
C5=1.0

WRITE QUTPUT TAPE 3,129
DO 429 L=1921
C6=C3%PZ (LY RXP1FC
C7T=C1/CE%P1 (1)

WRITF OUTPUT TAPE 3,128,4,C59C7+C34C6H
C3=C3+(C?2

C5=C5+C4

START A NFw LOOP

K=¥+1

IF(K=NJT) 307+3Nn749431
CONTINUE

TF{INP) 43242009432

END FILE 13

STOP 77777

WRITE OQUTPUT TAPE 3,130
GC TO 430

WRITFE CUTPUT TAPE 3,131
GO YO 430

CX=FLD

C3=FLD/204C

DO 227 L=1421
C4=EXPF({CX)
C6=0e5%(Ca~140/C4)
C4=SQRTF (1 «0+P2%CX)
PZ(L)=C4

CX=CX=C3

P1{L)Y=C6/Ch

CT=P1(1)

DO 3728 L=2420s2
CT=CT+4eN¥PT{L)4+20%P1{L+1)
FINT1=C7%#C3/3,40
IF(MIL+1) 303,372,+372
Cl1=GAM®ETA
Cl=RFTA/C1/C1
CX=1s0/ETA
C8=(140=CX)/2040
C5=RETAXP2

DO 351 L=1,y21

CT=-LOGF (CX)



P2 {L)=CXACT/SQRTF{1,04F2%CT) -102-
360 CX=CX+CR

CO={GAM=T1 4N} /20N

CX=1,N

NN 382 =142

CI=LOGF!IOX )

DI{LI=CX*CT/SQRTF (1,04 5%CT)
352 CX=CX+(C©9

C6=P711Y=PZ2 (21"

C7=P1(1)~P1(21)

ND 353 L=24202

CozCH+LNEPZ2(L)+2.0%P7 L+
352 CT=CT+6,0%C1 (L V14+2,0%P1 (1L +1)

FINTI=CE%CR/240

FINT?=C1%#C7/3,0%C9

IF{(MIL+1) 30343554355
170 FORMAT!TOHD

1 )

101 FORMAT(T72H
1 )

172 FORMAT(84HN MECHANICAL TFCHNO
1LOGY s INC, JORGEN WeLUND )

173 FORMATI(84H PNOD20 HYDROSTATI

1C JOURNAL AND THRUST RFARING)

104 FORMAT(81%)

105 FORMAT(120HO0 NOoLAMBDA NOsPRESS4RAT. JOURN/THRUST ORIF/MILL
1TPOR  DIMENSTONLESS PRESS.OUTPUT LAST INPUTY ITERAT4PRINT )

106 FORMAT(18,47715)

107 FORMAT(1P4F1547)

108 FORMAT({30HO V~PO Ftv=P0) )

109 FORMAT(1P2E1647

110 FORMATI(56H0 JOURNAL BEARING,L /D=
11PE1547)

111 FORMATI(66HO THRUST BE
1ARING )

112 FORMAT(1P5FE1847)

113 FORMAT(1P6F1847)

114 FORMAT(108HO0 LAMRDA PRESS.RATIO DIMyFLOW
1 DIMeFORCE DIMORIFPRFSS NIMsPOWER )

115 FORMAT{90HO FCCeRATIO OUT R/ORIF 4R ORIF 4R/INNFR R
1 LOG{R1/RC) RETA )

116 FORMAT(36HO MILLIPORE FLOW COEFFICIENTS )

117 FORMAT(13H COFFFeA=1PF1447912H COEFF4R=1PF14,47412H COFFF
14C=1PF146751H COEFF«N=1PF14,7)

118 FORMAT{108HO SUPPLY PRESS, AMR o PRE SSURF VISCOSITY
1 GAS CONSTH*TEMP, NOFFFDHOLFS FFEFNER ARFA )

119 FORMAT(1P4F18.7)

120 FORMAT{72HO BRG.DIAMETER RRGWLLENGTH FFEDePL4DIST,
1 RAD.CLEAR. )

171 FORMAT(108HO FLOW POWER FND FORCF
1 CENTER FORCE TOTAL FORCF STIFFNESS )

172 FORMAT{1P3F1Re7)

122 FORMAT{90HD PO AT ORIFICFE P1 AT ORIFICF INTFGRAL
1 SILOPE ORIFePRWRAT 10}

124 FORMAT(48HO DISTANCE PO P1 )

175 FORMATIF12,691P2F17,7)

126 FORMAT(9GHO OUTER RADIUS INNER RADIUS DRIFLRADIUS
1 CLEARANCFE FILM THICKN.)

127 FORMAT{72HO FLOW POWER FORCFE

1 ORIF«PRESSURE)
128 F. MAT(F12e691PFE1547+0PF12e691PF1547)
129 FORMAT(S54HD RADTIUS PRESSURF RADIUS PRFSSURF )
130 FORMAT(42HONO ROOT FOUND IN MILLIPORF CALCULATION )




131 FORMATI3G6HAONO ROOT FOUND IN ORIFICE 1TFRATION ) -103-

1372 FORMAT(30HO POV Fipasvy )

133 FORMAT(54H0 ADTABR «FXP o ARFA COFFFo DFRIVeARFA CFa)

124 FORMAT(108HO FLOW POWFR FORCE
1 STIFFNFSS PO AT ORIFICF P: AT ORIFICF)

135 FORMAT(108HO PO AT ORIFICF P1 AT ORIFICF OUT«INTFGRAL
1 INNe INTEGRAL SLOPE ORIF4PReRATIO)

136 FORMAT(18HO PReCORRSFACT)

137 FORMATI{1IPEL1L.7)
138 FORMAT(32HO VENA CONTRACTA COFFFICIFNTS)
139 FORMAT({1PF15e7s15)

FND{Osl9Nsls1)
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CALCULATICN OF PRFSSURE DISTRIBUTION FOR GAS LURRICATED GIMBFL
REARING RD 3 ROR RURGFSS FOR STAN MALANOSKT
NIMENSION P(10s10)4PSOIINs1N) Al 1N IN) s THFTA(IN) 4RHO(10)
10 FORMAT(3F6e34712)
20 FORMAT (B8H1 C({1)Y=Fb6e3+8H R{1)=F6e398H R(2)=F6e¢3,
1 5H N=1248H R{I)=F6s348H WRAR=FO 454 8H C(2)=F6e3
? 8H Cl3)=FT744)
10 FORMAT {39H0 RHO (L) THFETA(K) Pivs1 ))
40 FORMAT(F10e59F16e59F1445/(9H F16e5¢F14451 )
50 FORMAT (31247r542)
55 FORMAT (56H1PRESSURF DISTRIRUTION FOR GAS LURRICATEN GIMRAL REAR!
ING)
6N FORMAT {(4SHG MFCHANTCAL TFCHNNLOGY INCe sl ATHAMGN,Y,)
WRITFEF QUTPUT TAPE 2455 -105-
WRITF OQUTPUT TAPE 13,460
BN READ 10+sCONF ¢RONF 4RTWO N !
IF (6-~1) 1604300485
RS AN=N
DTHETA = 3.14159265/(1N0*AN)
RI=SORTF{RONF¥RTWO)
DRHO1= 422722222%{(RI-RTWO)/RT
DRHO?= ,18181818* (RONF~-RI)/RT
THETA({1)= NDTHETA/2,0
DO 100 K=24210
10N THETA(K)= THFTA(K=))+ DTHETA
RHO(1)= RTWO/RI + L5*DRHO1
DO 110 L=245
110 RHO{L)= RHO({L=1)+ DRHOI1
RHO(6)Y= 1.0 4 DRHO?
DO 120 L=T410
170 RHOUIL) = RHO({L~1) + DRHO?
Z2=AN * LOGF(RONE/RTWO)
COSHZ =COSH(2)
COSHZ2 = COSH(e5%Z)
E = COSHZ?2 =140
G = (COSHZ - COSHZ2)*x2
H= G/E
DO 3130 L=1,10
X= AN ¥ LOGF(RHO(L))
COSHX = COSH(X)
COSH2X = COSH({2.0%#X)
DO 130 K=1410
Y= AN ¥ THFTA(K)
CCSsY = COSFL(Y)
COS?2Y = COSF(2.0%Y)
D = COSHX =~ COSY
F = COSHZ%%2 ~2 ,0%COSHZ * COSHX * COSY + .5 *{COSH2X + COS2Y)
130 A{Ksl) = LOGF(H * (N/F))
DO 140 L= 1410
PO 140 K= 1910
PSQI{K L) = 140 = o5 ¥ CONF * A{KyL)
140 P{KaL) = SQRTF{(PSQ{KsL))
J=1
GO TO 541
DO RECFSS CALCULATION IF T=224QUIT 1F T=1
150 GO TO (B0s155),1
15% READ SOsLONE sLTWOSsKONESCTWO
IF {(LTWO~LONE) 16041604165
160 STOP
165 AM=L TWO-LONE=1+2%KONE
PAVG1=040
KMAX=KONE-1
DO 170 K=1y4KMAX




170 DAYGTI=PAYVGTI+PSO (K LNNF)Y+PSN{KHLTWN) -176~
PO 180 | =LONFLLTWO

AN DAVYG=PAVYGRI4+OSO (KONF L)
DAVGT =PAVGY 7AM
NO 190 K=1¢KMAX
PSQ (K oL ONE)=1e 0= 52CTWO*A (K s LONF)
19N PSQIKsLTWO)I=1,0-eS5%CTWO*A(KsLTWO)
DO 2n0 L=LONFSLTWO
200 PSQ{KONE 9L )=1e 0= S*CTWOXA(KONE 9L )
PAVG?2=NeN
PO 210 K=13KMAX
210 PAVYGY =PAVG24+PSQ(KsLC :FI+PSN(KsLTWO)
DO 220 L=LONF,LTWO
220 PAYGY?=PAVG? +PSQ(KONF L)
PAVG?=PAVG? /AM
CTHRFF=PAVG]-PAVG?2
DO 220 L=LONELTWC
DO 230 K=14sKONE
PSQIK oL )=1e0m=eS¥CTWORA(K 9L Y+CTHREF
230 P(KsL)=SORTF(PSQIK,L))
J=2
GO TO 541
300 STOP
541 WBAR=0.0
DO 550 L=145
T=0.0
DO 545 K=1410
545 T=T4P(Ksl)
55N WBAR=WRARLRHO(LI*(T~104,N)
WIAR=WRARXNRHO1
TT=0s0
DO 570 L=6410
T=z0.0
DO 560N K=1,510
8560 T=T+P(KslL)
570 TT=TT+RHO(L)*(T-10.0)
WBAR=(WBAR+TT®DRHO2) /5.0
WRITE OUTPUT TAPE 34209sCONE ¢RONE yRTWO SNSRI yWBAR9CTWOCTHREE
WRITF OQUTPUT TAPE 3,30
DO 580 L=1,10
580 WRITE OUTPUT TAPE 3,340sRHO(L) o (THFTA(K) 9P (KelL)eK=1410)
GO TO (150+80)sJ
END (091905191
FUNCTION COSH(X)
EX=FXPF(X)
COSH=o5*(EX+10/EX)
RETURN
END (Del1s09191)
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N
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=N

ne

-1038-
AMALY 210 OF NASA AR DEADTNG (MATN DRNGY) DNONLN
LEONIAVMED LR RGWEEMITK  RY RGaGFAIZYS MT] QTER-8RAE  T=/ph 67
GOMENGION AL TALET Yo A ANLINY GAVRAL (TN WV {INN) G ELRT) G X (B ) 9T (1)
R 101 eh 1) sPNIMMY (1A} o1 (2NN) JPAMIAT) 478 () ¥N{L)4X7(5) 4 H(R)35H
Vi, THE IR G GHD () ¢ CHEM (R ) 4 CHM () 5 C1N ) g SHN (3] BVEC(50)
XTSI IANT G CNST(HALEN) W CNED(BAEN) §FRASF (5N) 5 AYAT{GN50) s CCASY
A0 a0 (A2 CCINIARN) 9 CINT (6192 )y TEMP(51,461)
COMMON DAV o Da? TASAY 4R T 12 gMgMASMIND sNAA SNV g ALFAYALND g AMDAL 9V 9 F 9 X o
AL AMORC G aR A G XS YR COSAT sCNSAD 30 S 9 EN e T o STNHK s GINHDK 9 COSHY 3 COSHDK y
27 01T aPO? s AAR 9B g CR 4Ny ITOINT g F o FNGALNNT oWk g TAR 97 TAMGALFP9ALF P yDFL

e DELTHSC ] oDINaNDTNGCMg Ay G T g 1S9 7Hs70 RVFC o AMAT (NS T 4 C
L6731 RAGSE « ¥ 0)R 3 " TAP 7 TAM G COSCOSTaCSINGCINTy TFMD
e nln ’c.)fj. Df‘e(;ﬁy?T/\.!ﬂ(QL:T'7QDIN

MY LY AN PRINT [ MDOIT
WS T 0 TP T TADE 2,781
Wil 'E QUTPHIT TADFE 24180 4PA Caas7 TAWAK 9RT 124D
READ 153 ¢NeNANLD g AL, g¥NTAGYMNPC T GgN7 ¢NTHGNNDTN g NP
READ (AN, (ALFAIT)al=7MAY
Wiz, e OUTREUT TAPE 24756 aNgNAGNLNgNAA YNV GN7 ¢NTH
WRT Y ONTRPUT TAPE 2315546 {ALFA(T) s T=14NAY)
PEAD 150 TALOD(E ) et =T el D)
PEAD 150 (AMDAL{T)31=]«NAA)
WL TE VNI PUIT TAPF 201864 LALONDIT) e Tz1aNLD)
1S ONUTRIIT TAPF 4431574 (AMDAL{T) o= 9NAAY)

DAt 16N, (VT eT2T W NV

!

Tt

WRTTE QUTPHIT TADPF 24188, {V{])elz=14NV)

WP TE OHTOHT TADFE 25166 ¢MPTAGSMARCC GNDTN ¢ND
WRIYE OUTPUT TAPF 241589 '

INITIAL CALCULATIONG «= PNOYY ANN F TAR|F

EX ! CAK/1AK=Te0)

EXT . g N/EX]

FX3 - laN/AK

EXgz SQRIF((AK+AK ) /1AK-141)
JTAP. 7TA+A

FrAM-: 7TA-A

/

EFN -N
7TAN = 7TAXFM
FNA = NA

COVECR = ({2,771 AK+T qNj1AaxEX1Y

DFLX 11.0~BOVCRYI/ (ERNA=]14N)

mAN - RAS?

Ei )i e/ TAY 41 o) ) ¥ % {14/ (AY =14} )V ¥SARTE( (AK+AK )/ (AK+]4))
x{13;= POVCR

DO T=7NAM

Y1 -Xxti=1) +DFLX

VAR +« SQRTF( TeN =X(T)%%FX?)

Filie ALFA(D)¥* VAR ¥ (X([)#rFX3)#FEX4

X{NAG= 1aN
FINA) =DM
ENPLNT

FATH.ANTH

MEL 11 B TRATRKRA/{ENTHAT ¢N)

HER: WE SFT |ID THF (NSINFE MATDICFES WHICH WILL RF LIGFND M The
CALCHILATION OF ThF €1 VFCTOR AND PY1 MATRIYX

TARz DgN
1OOUNT = 2

E - 141415977 /EN
ALtlz SINF (F)
ro-pp0

Pe COQE (F)

NSRS

NAMz 4 #N
SEREEIE




YYD

YN M

XCOS(11=D -109-

DO 1=/ 9NAM

CALL SINCOS

Crli)=CR

XCOS{1)Y=D

DO 10 T=1eN

Y 10 Jg=1eN

KL (1+d=1)%2

K2=XxARSF ( (= J)*?)

TFIK2Y17271219177

121 (a2 iTel)=T,

GO TO 120
132 0% {[sJ)=XCOS(K2)
190 021 ]4J)Y=XCOS{KT)
THE ARRAYS COS1e AND OS2y CONTAIN

COS(2(I1+J=-1)PI/N) AND
cOS(Pi1=JIPI/N} RFAPFCTIVFLY

-~

O 653 1= 1N
Ky-7#l=-1
ceINtTy= ClL(K?)
AN3 CCOSLTY = XCOS(K2)
THF ARRAYS CCOSe CSINy CONTAIN C0OSs SIN OF (7i=1)%P1/( M),
[COUNT = 1
TAR =Ng¢N
F= DFLTH
AAR = QINF(F)
Rs COSF({E)
(B = NN
N= loﬁ
COST(1+2)= D
rOST(143)= D
SiNT(192)=Ne0
SINT{1e3)=040
NO K01 T=74NTH
ALl SINCOS
COST( [42)= D
6N1 SINT(ie2)= CR
TAR = NGO
F= FN®DFLTH
AAR= QINF(E)

R= COSF(E)
CB= 0,0
N 1.“

1COUNT = 1
PO NG T=2 ¢NTH
CALL SINCOS
COST(1e3)=D
604 SINT(143)= CR
THF ARRAYS SINT(IeJ)s COST(I:J) COMTAIN SIM 4 COS RSPCTVLY NF
NSH*THETAITY FOR U= 1
THFTA(LT) FOR J=2?
N*THETA(T) FORJ=23 o
IF (MDIAG) 10251014107
102 WRITE OUTPUT TAPE 4y 151
WRITF OUTPUT TAPE 4Ly161
WRITE QUTPUT TAPE Q9162’EX1oEX?»FX39ZTANnPOVCRoDELXQDELTHQFXAgZTAF
172TAM
WRITF OUTPL.T TAPE 491633 (X(1)sF(T)eI=19NA)
WRITE OUTPUT TAPF 4451624 (RCOSIT) s1=19N)

THE L/ LONP BFRINS HFRF == SN 1S CALCULATFN M <HRRONTINF <N
101 DN’ 2 T=1eNLD
RS FNPALOD(T)

non

YS FNR72TA




NN

&

il

in

15
14

XS = FN#{ZTA=A) ~110-
(S = 140

COSA=CS

COSAZ=CO5A]

ALODI=ALODI(T)

DELZ = ALODI /({(FNZ-1.0)

CALL SOR

VAR = 50

X& =YS§

YS = FN#*{ZTA +A)
CALL SOR

SO =(SO +VAR)}*045
TESO=50

SO IS GIVEN BY THF AVERAGF OF SOOI AND SOII

THE LAMBDA(T)I/ALPHA LOOP PFGINS HFRF ENDS WITH STATFMFNT 13
DO 3 J=1e4NAA

Alz LJNHAMDAL (YD) 7FN

MO = AT ¥ F(1)

TH> v 1LLONP RAFGIANS HERF

M o k=1 4NV
XETR=CSORTF({TFSOXIRMO+I JO/VIXYY /LKD)
IF(XSTR=-POVCR) 545,46

IF XSTAR LARGER THAN PO/V CRIT GO TO 6 IF NOT GO TO 5
PO = VIK}#XSTR

ALFP -_-0.0

ALFSR=1¢0

GO 70 75

LOOP6E USFD TO FIND ROOT XSTR BETWEEN X(T1) AND X(I=-~1)
VSO = VI{K)/TESO

RY? = 1a0/V(K)%R2

Y1 = CRMO =VSO* (X {1)%%2-RV?)

DN 8 L=2¢NA

L=l

Y3 = AI#F(L)~VSO*®(X(L)#%¥2~RVD)

1F Y3=0 PO = v*X(L)sIF PLUS CONTINUE, IF MINUS PUT QUADRATIC
THRU Y1sY2eY3

IF (Y3) 943i0e11

71=Y13

GO 10 8

PO =v{KY*X(L)

ALFSR=ALFA{L)

15 (L=-NA) T6eTTe77

ALFP ={ALFA(L)Y=-ALFA(L=1))/DNFLX

GO TO 75

ALFP=045% (ALFA(L+Y1)=~ALFA(L=1))/DFLX

GO T0O 75

VAR = (X (L)Y+X(L=1)1%%D/24=RVD

Yz = AL*(FITI+F(L=1)1/2e0 =~ VSU*VAR
AA=X{L-1)#*Y3

BR=X(LY*Y]

CC0aZz5% (X {(L=1)%Y]1+X{L)%*Y3)

AAA=D ¢S5 YT 4+Y3 )Y

RBR Y /(X (L=114+X(L))=CC~Ne75%{AA+RE )

CCC < {AA-RRY#IX(L=1)+X(L))/74e=y22XIL) #xtL-1)
VAR = REF #2x2 <4 ,D2AAASCCC

TF{vAR) 124124112

WETITE QUTELIT TADF 23,160

GOy TO Q9

CO0T T = ~BRA +GNRTEIVAR) ) /S aD/AAA

OOT={~RRAR QOARTFIVAR) /2 ¢N7ARA
PPARSGT - AtL=13) 1GelGe.5
[F.ROOVI-X({L)YIbellelo
IFERNOT7=x11L~1131173179.8
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WRITE QUTRUT TAPE 3416N -111-
AN T0 99

TF(BOINT2=X{L))19s17417

XSTR =ROOTY

(‘_q b et 7(\

XeTR =2NNnT?

537 TO 7N

TANTINUE

GnTO 10N

DAz vl VEXATR

SUFD ={ALFAILY=ALFA(L=1))/DFLX

L1FCD 2! XQTR-Y(LY)/PFLX*(FLFA{L}—-ALFA(L=1))+ A FA(L)

AT T8

TFRE CALTHLATIONS ARF MANT ON THF ASSHMPTION THAT THFRF 1S ONLY
F BCOT RETWEFRN X(T1=1) AND X' ") THF SUNCTION IS ALSN ASSUMED TO
SOONANRATIC, LINFAR TNTERPNOLATION 1S 1ISED TO NDFTFRMINF ALPHA STAR
IFOPEASRAM GOFS TN N99 1T WwILL INCHR AN'FRROR STNP, THIS MFANS A
TOMPLEX 00T HAS REFN FALND Ne THF RFAL PONTS ARE NOT IN THF
DROPFR SANGF N100 WILL RF REACHED ON AN 1}!DUT FRROR

STOP 77772

STOP 717773

CO = (PCR%2-1,0V%3,1415927/TESO

IF (MDIAG) 103,104,103

WRITE QUTPUT TAPE 449162sRS9XSeYSeCSeCOSATIsCOSA29S0sA1sCRMOGXSTRGPO

ok

1eVSOaRV29YT19Y29Y3 s VARGWALFF9ALFSR s AASRRSCC3AAAZRRR GCCCHyRONT1 $ROOT?

WRITE QUTPHT TAPE 34165s ALODISAMDAL(J)sVIK)
WRITF QU PUT TAPE 341643 COyALFSRyALFP¢XSTR
COMPUTATION OF PO AT FACH MFSH POINT
PC=FN*AL OD 1

CS= 10

K1=(NTH+1)/2

DO 78 M=1 K]

K2. NTH+1 1

TOSA1=~CC {Ms3)

CT oA =C08A1

Z=0eu

¥YS =7ZTAN

DO 78 L=1sN7

I {{~-MZ) 80,581,481

BOZ{1.eMY=1,0

PO2 (L sK2)= 140

GC 10 78

N = FN® 7

IF {7 ~ZT7TAM) B4984485

XS =ZN :

GO 10O 86

IF(Z~ZTAP) 125+1274127

YS=ZTAN

XS=FN*ZTAM

CALL SIR

oRziL MY =sn

¥YS= FNGHITAP

XS =Z2TAN

CALL SOR

SO= De5*(50+PO2(L M)

GO 1O 128

Y5 =2N

XS =7TAN

CA'! &OR

FOZ{LsM) = SORTF(1a0 + + " 341615G627%50)
PO21LsK2) PNZ2{L M)

HRLUFTACY 1AR TR 105



106

137

108
108¢
1n9

110

111
112

107
134

123

7 = 7 4DFL7Z -112-~
CONT INUE

NGO=21

IFINP) 10641074106

WRITF OQUTPUT TAPE 34167

WRITE OQUTPUT TAPE 341774NDELTHALODIZDELZ
NAM=NTH=10

LL=~9

L=0

GO TO 1088

WRITF QUTPUT TAPE 3, 178

[FINAM) 1NQ41104110

L=NTH

LL=104LL

M11=?

GO 10 111

L=10+L

LL=10+LL

NAM=NAM=10

M1i=1

GO TO 111

N 112M=7 gN7

WRITE QUTPUT TAPE 2,1684(PO2(MyJJ)eJd=L1sl)

GO TO( 1084107 ) 4M11

GN TO (1344135 ) s NGO

VAR=1 ¢ N=XSTR¥¥EX2

XCTRR= XQTR**EX1

PHI= ALFP/ALFSR4EX3/XSTR=({0a5/XSTRR)*(AK=14)/VAR)*EX3
CAPK=({6,2831853/PH1)1#P0O/CO)*V(K)

HERE WFE BEGIN THE CALCJLATION OF THE C1 VFCTOR BRY SFETTING UP
WHAT SHALL BE CALLED THF R VECTNR AND THE A MATRIX

RS= ALODI
CS= e
IS1=1

= 7TA
2U=7ZTAM
CALL S1
VAR= §1
74= 7TAP
2h.= ZTA
CALL S1

S51=(S14VAR; /240

TEM = CO*FN#S1%165

YS=ZTA

XS=7ZTAM

DO 123 L=1N

BVFC{LY= CCOS{LI*®TFM

DO 123 M= N

COSA1=COS1(L M)

COSA2=COS2 (L M)

CALL SOR

AMAT({LsM)= SO+045*#(RS=YS)

X8=YSQ

YS= ZTAP

IF (MDIAG) 13291334132

WRITE CUTPUT TAPE 44171 (BVEC(L)sL=1sN) ;
WRITE OUTPLUT TAPE 441724 (AMAT({LsM)s L=1sN}sM=19N)
WRITE OUTPUT TAPE 491629 VARIXSTRRePHIGCAPK9ZHe7L sST1 e TEM ¢XSeY¥S.
DO 124 L=1sN :

DO 124 M=LN

COSAL= COS1({LsM)

COSA?= COS2(LsM)

~Att sOR



OEANANA]

AMAT (L oM) = (AMAT (L oM)+S0+045% (RS=YS) ) %0465 -113~-
124 AMAT(MylL )= AMAT (L M)

DO 125 L=1sN
125 AMAT(LsL)= AMAT(LsL)= CAPK

SURROUTINF XSIMEQ 1S USFD TN SOLVF AX=R WHFRF X TS THF 1 VFCTOR
SCALFz 10
IFRR= XS5TMFOF(5NsNs]1 s AMATyRVFC 9y SCLLFyFRACK)
[F (IERR=-2)1294130,4131
IFRR 1S AN ASSIGNFN FIXFD POINT VARTARLF
1 1F SOLUTION <UCFSs]FUL - CONTINUF
2 1F UNDFRFLOW OR QVFRFLOW ~= PRINT FRROR PRQOCEFD
3 IF AMAT IS SINCGULAR -~ DRINT FRROP PROCFFD
130 WRITE QUTPI)T TAPE 34169
GO 70 4
131 WRITF OQUTPIIT TAPE 34170
GO 10 &4

129 WRITE OUTPUT TAPE 345 173s (AMAT(Ls1!)9L=1sN)
DO 14N L=14N
140 C1(L)=AMAT{L1)
CALL SURP1
IF(NP) 138471254138
138 WRITE OUTPUT TAPE 3,174
WRITE OUTPUT TAPE 3417T74DELTHALODI 4DEL7
NGO =2
GO TO 137
135 CALL LCALC
WK=WK+WK
WRITE QUTPUT TAPE 34175,WK
IF (NDIN) 1364545136
136 DWK= WK*¥PAXALODI®DIN¥DIN
WRITE OUTPUT TAPF 34176, DWK
4 CONTINUE '
3 CONTINUE
? CONTINUE
IF (MORCS) 5n00+501,500
501 STOP
FORMAT STATEMENTS
150 FORmAT (6E1245) :
151 FORMAT( 30H1 ANALYSIS OF NASA AIR REARING/ 39H RGWERNICK MTI LAT
1HAM $NY ST 5-5886 )

152 FORMAT( 7+H0 INPUT/117H P(A) C A
H ZETA K SQRT{(RT) PIA
2 METFR , 1P7F1747 )

154 FORMAT!( 87HO N NO OF ALPHAS NO OF L/D NO OF LAMRBRDA(T)

1 NO OF V. NO OF Z NO NF THFTA /7 1154111043115,2110)
155 FORMAT{23HO TARLE OF ALPYA VALUFS/(1P7F17.7))
156 FORMAT{Zz1HO TABLE OF L/D VALUFS/(1PTE17.7))
157 FORMAT{33H0 TABLE OF LAMRDA(T) VALUES /11P7E177))
158 FORMAT(19HO TARLE OF V VvALUES/(1PTE1T747))
159 FORMAT( 8HO OUTPUT)
160 FORMAT{29HNO OCPS  SOMFTHING IS WRONG |
161 FORMAT(22H0O CIAGNOSTIC PRINTOUT )
162 FORMAT(1IP7E1747)

163 FORMAT(24H0 X(1) FIT) Z(1P2F1547))

164 - FORMAT ( 9OHO co ~ ALFA STAR ALFA STR PRIM
1PO/V ' /104F1747)

165 FORMAT(44HO L/D(1) LAMRDA(T) VIT) / 1P3F1747)

153 FORMAT(1115)

165 FORMAT( 29HO (1) MFANS YESy (0) MEANS RO/59H PRINT DIAG MORF
1CASES DIMENSe LOAD  PRESS, PRINTQUT / 11743115}

167 FORMAT (61HO DIMINSIONLFSS Z2EROTH ORDER PRESSURE PROFILF PO(ZoTHF
1ETA) }

168 FORMAT (1P1NE1244)




162 FORMAT{ 3840 UNDERFLOW OR OVFRFLOW IN XSIMFQ
170 FORMAT( 24H0 A MATRIX IS SINGULAR )

171 FORMAT( 13HN R VFCTOR /{ 1P7F1747))
177 FORMAT( 13HO A MATRIX /{1P7F1747))
172 FORMAT( 13HO C1 VFCTOR /(1PTF1747))

) -114-

174 FORMAT( 61HY DIMFNSIONLFSS FIRST NRNDFR PRESSIRF PROFTLF P17 41k

1ETA)Y . )
175 FORMAT (36H0 FULL |RFARING NDIMFNSIONLESS LOAD

J1P1F1747)

176 FORMAT(31HO FULL RFARING LOAD IN POUNDS /1P1F17.7)

177 FORMAT(104H FACH COLUMN BFLOW GIVFS PRESSUPF FNOR A GIVEN VALNF OF
1THETAITHFTA GOFS FROM N TO 2%P] IN INCREMFNTS OF 1P1F14+5s7H) e/
234H IN EACH COLUMNs 7 GOFS FROM 0 TO 1P1E14459 21H s IN INCREMENT

28 OF 1P1E14459 3H )
173 FORMAT(31HOCONT INUATION OF PRESSURF FIFLD)
FND{ NeleNelsl)
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15
17
18

14
19

64

63
1673

51

52

55

54

SUBROUTINF <OR -115-

NI ZTNSTION  ALFA(S] J4ALCR(IN) sAMDAL (1NN VIINNYsF (5] ) o X{8T}sTI12)sP
102(51961) ¢DUMMY(100)9CI(2ND)yDAMIET) o7N{3) o XN(4) s X?2(B)¢CH(3)38H(
13)sCHP(3) sSHP (3 s CHM(3 ) ¢ SHM({3) 4CHNI(3) 9SHN(3 )y RVFC{5Nn)

29 XCOS(2N0)4COS1(5N450]4COSP(5045N)FRASE(5N) o AMAT{50450) +CCOS(H
30) 9COST(61s2)9CSINIBO)sSINT(6193) 9TEMP(51461)

COMMON PAsCsAsZTASAKsRTI2sNoNAGNLD sNAAINVIALFASALOD 9AMDAL ¢V oFoaXsMD
1TAGIMORCS sRS 9XSeYSyCOSAL1 sCOSA24CSsSN3THySINHK s SINHNDK s COSHK 9 COSHNDK 3N
2Z3sNTH P02 s AARWR 4y CRINSICOUNTsEsFNosALODT oWK 9 TARyZTANGALFPSALFSRINFL 7

34C0s DELTHeC1 oDINGNDINSICNSSNeS191S1e7ZHeZL RVEC s AMAT 4 C0S81CO
4LS2 3yERASE ¢ XCOSeZTAP 37 TAMGCCOS sCOST 9 CSINSSINT s TEMP
NDELTA = YS=XS

SIGMA = XS+YS

TR = 2,0%#RS

TFL TR ) 14415415

IF(SIGMA) 14416416

IF{DELTA)Y 14517417

IF(TR~SIGMA)Y14418158

IF{SIGMA-DELTA)14+19,19

IF PROGRAM GOES TO N14 AN ERROR HAS OCCURREDe EITHER 2R SIGMA OR
DFLTA ARFE MINUS

STOP 77771

EX2R = EXPF(=TR)

EXSG = EXPF(=~SIGMA)

EXDT = EXPF(~DFLTA)

EX2RS = EX2R/EXSG

EX2RD = FX2R/FXDT

SINHK = 040

COSHK = 140

TRMSG = TR~SIGMA
TRMDT=TR-DELTA

COHRS = 045%( EX2RS+ 14N/EX2RS)
STHRS = Ne¢5%(-EX2RS+ 140/FX2RS)
COHRD = 0e5%( EX2RD+ 140/EX2RD)
SIHRD = 0«5%(=EX2RD+ 140/FX2RN)
COHSG = 065%( FYSG + 1eN/FXSGY)
SIHSG = 0+5%(=FXSG + 1sN/FXSG)
COHDT = De5%( EXDT + 14N/EXDT)
SIHDT = 045%( EXDT + 1.0/EXDT)

COSHDK = 0+5%(EX2R + 140/FX2R)

STNHDK = 0¢5%(=EX2R+ 1e0n/FX2R)

IF THE ARGUMENT (EXCLUDING THOSE CONTAINING THF INCRFMENT K ) OF
ANY HYPERROLIC FUNCTION FXCEEDS 540 AN ASYMTOTIC APPROXIMATION
IS USED TO COMPUTE T (K}

IF (COSAL~COSA2) 63464463

M1l = 2

GO TO 163

M1l =1

PO 50 K=1s12

IF (K=1) 5151452
T21N =0.0

T22N =040

T21D =04

T22D =040
™31=COSAl
TM32=(0SA2

TANHK= 040

GO TO 53

AKK =K -1

IF (TR*¥AKK =6060) 54454455
T(K)=T(K=1)

650 TO 50

CALL SINH




'aNe

TANHK = S INHK/COSHK -116-
T2IN = TANHK # STHRS
TZ2N = TANHK * STHRN
T21D = 1ANRK® STHSG
T22D = TANHK *STHDT
IF QUOTIFNT OVFRFLOW 56456
56 T¥31 = COSAY/COSHK
IF QUOTIFNT OVFRFLOW 57,58
57 TMZ2] 20,0
GO TO 558;%?)9M1]
ER TMAD = (OQAD JUOQHK
IF QUOTIFNT OVFRFLOW 59,4573
59 TM32 =0,0
1F PRK 1S GRFATER THAN 6060 W ASSHME THE SFRIFS HAS TONVFRGFD
SINCF REMAINING FORWARD DIFFFRENCFS ARF ESSEFNTTIALLY 7ERC
53 1F 1TRMSG =540) 20971521
20 TIN = { COHRS + T21IN ~ TM31) * FX?RS
GO TO(65922)9 M11
65 T3N = ( COHRS + T21N ~ TM3?2) # FX?RS

GO TO 2?2
21 IF aCCUMULATOR OVERFILOW 234213
23 TM1 = FEX?7RS # TM31

IF ACCUMUJLATOR OVFRFLOW 744755

24 TM] = NN

255 GN TO {(25s27)s M11

25 TM2 = EXPRS % TM3D
IF ACCUMULATOR OVERFLOW 26427

26 TMZ2 =040

27 TIN = 045%{1a0+TANHK)=TM]
GO TO (66972721 sM11

66 T3N = Qe5%{1e0+YANHK)=TM?

22 IF(IRMDT~5,0) 28429429

28 TZN ={COHRD+ T2.2N-TM31)#* EX2RD
GO T (674491 sM11

67 T4N = {COHRD +T22N-TM32)%XFX2RD
GO 10 49

26 TM1 = EXZ2RD *TM131
IF ACCUMULATOR OVFRFLOW 304311

30 TM1 = 060

311 GO 0O {31s33)sM11

31 TM2 = FEX2RD &% TM32
I1F ACCUMULATOR QOVFRFLOW 32433

32 TMZ =040 .

33 T2N =045% {1 40+TANHK)=TM]
GO TO (6849 )sM]1]

68 T4N = NDe5* (1 e0+TANHK)=TM?

49 IF (SIGMA «5,0) 34535435

24 T1D =(COWHSG +T21D =~TM31)*F XSG
GO 70 (69437 sM1Y

69 T3D = {COHSG + T21D ~TM32)*EXSG
6O TO 37

35 IF ACCUMULATOR OVFRFLOW %6936

26 TM1 = FXSG * TM31
iF ACCOMYLATOR OVFRFLOW 384399

38 TM1 =060

399 GO TO (39s41)eM11

39 TM2=FXSGR*TM3?
1F ACCUMULATOR OVFRFLOW 40441

LO TM2 = 040

41 TID = OeB%({1s04TANHK )~ TMY
GO T (TNe3T)eM1]

70 T3D = 0e5 *#{1e0+TANHK) ~TMD

37 IF (DELTA =5,0) 423439472




47 T2D = (COHDT + 7220 = TM31)* FXDT -117-
6O TO (7T1472)sM11

iro o Tal = (COHDT + 1220 « TMA2)%* FXDT
50 TO A0
43 1F ACCUMULATOR OVFRFLOW 44444
44 TM1 = FXDT % TM3]
IF ACCUMULATOR OVERFILOW 4544A6
45 TM1 =0,C
466 GO TO (46948) M7
46 TM2 = EXDT # TM32
iF ACCUMULATOR OVFRFLOW 47448
47 TM2 =040
48 T2D =0e5%#{1+0D+TANHK) ~TM]
GO TO (73s72)sM11
73 T4D = Ce5%{140+TANHK)~TM?
GO TO 60
72 VAR ={TIN/TID #T2N/TP2D})*#?
GNH TO 74
60 VAR = TIN/TID®T2N/T2D*T3N/T3ADRTLN/TALD
74 T(K)Y =LOGF(VAR)
IF (MDIAG) 1134504113
113 WRITE QUTPUT TAPE 494169y DELTASSIGMA3TReCOHRS 9yCOHRND 9 STHSGeSTHNT S CO
1SHDK o T21NoT21Des TANHK o TM1 o TINeT2Ns TN T4NsTIDsT2D s T3DsT4D$T(K ) 9 VAR
169 FORMAT(16H0O SO SUBROUTINE /Z(1P7E1667))
50 CONTINUE
VAR = T{1)=T(2)4T(3)=T(4)+T(5)1/240

OM= 1,0
DIV= 2.0

DO 61 J=147
OM=z==QOM
DIV=NIV%2,0
M=8 -

DO 62 K=14M

67 TIK+4)=T(K+4)=T(K+5)
VAR= VAR +OM*T(5)/D1V
61 CONTINUE
SO = Ne5%({RS=YS +{CS #VAR)/4,)
RETURN
END{Osl1sDs140)
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SUBROUTINF &1 -118-

NIMFENSTION ALFA(G])9ALOD(]0),AMHAL(]On)QV(]nn)9F(5])QX(51)97f17)9p
102 (57 s61) oDIMMY(100)9CT{200)4NDAM{E]1) s7N(3) o XN(4)sX7(86)9CHI3) 9 SHI
13) sCHP(3) 9SHP(3) s CHM(3) s SHM(3) gCHN{3) 4ySHN(3)) RVFC({HN)

2 XCOS(ZOQ)9C051(50;50)9C0<7(5ﬁ95n\9FRA§F(50) o AMAT(5N45N) 4CCOAS(H
3N) 9COST{6193)9sCSINI(BO) s SINT(6193) s TEMP(51461)

COMMON PAsCsAsZTAsAKoRT17?sNsNAYNLD 9NAASNV JALFASALOD s AMDAL 9V 9F ¢ X 9MD
1IQG9MORC99RS9XS;YSQ(O§A]9CO<A29CQoQO’TQSINHK9SINHDK¢(09HK9COQHDKoN
27 sNTHsPO? sAARSRyCRoNs ICOUNT 9 F s FNSALONT yWK o TARS7ZTANSALFP9ALFSRyNFL7
39C0Os DELTHSCTsDINSNDINGCNsSN9S1eISTe7Hs7L s RVFC s AMAT 9 COS1+C0O
/.62 sFRASE ¢ XCOSsZTAP o7 TAM 4 CCOS9CNST 9 CSINGSINT 4 TFMP

FNTER WITH
FN= NOe ORIFICFSy ZH= MAX(747FTA)s ZL= MINI(797FTA)
ALONT= CURRENT (L/D)e
Ie1= 1 FOR C1 CALCULATION,
= 2 RFOQUIRFS SINFy COSINF N¥THETASTHFETA,

F=N THETA 1COUNT=]
R=COS(F) TAR= N
AAR=SINIF) CN=COS(THETA)
CR= (0, SN= SIN(THETA)
) D=z 1
FIRST COMPUTF ARGUMFNTS AND INTTIAL VALUES.
ZN(1)=FN*Z{

IN(2)=FN*(ALODI~ ZH)
7N(3)=FN*ALONI
FNN= FN+ FN

EMNZ1= ZN(1)
FMNZ?= FN#7H
FNZH=EMN?7 2

EMNZ3= ZN(3)
ROTM= ENN- 1.
ROTP= FNN+ 1,
COMPUTYE FXPONENTIAL FUNCTIONS,
NO 4 IQ=143
XN(IQ)= EXPF(ZN(IQ))}
XZ11)= EXPF(ZL)
X2{2)= EXPF(ALODI~ 7H)
XZ(3)= EXPF(ALODI)
XZi85)= XZ2(2)/XZ(3)
XN(&4)= XN(2)%XN(1)/XN(3)
XZ2(4)= XZ7(5)%XZ2(1)
COMPUTE HYPERBOLIC FUNCTIONS
DO 6 1Q=1+3
VA= 14/XNIIQ)
VR= 14/X2(1Q)
CHN{IQ)= (XN(IQ) + VA)/2.
SHN(IQ)= (XN(IQ) - VA)/2.
CH (IQ)= (XZ(IQ) + VB}) /2
sH (IQ)= (XZ(IQ) - VR) /2,
STORFE HYPERBCLIC FUNCTIONS FOR M= 0,
no 7 1Q=1,3
CHP{IQ)= 1.
SHP(IQ)= 0.
OM = «1,0
STS= 0o ’
NUW COMPUTE COSHs SINH OF~ MN%7Ly MN®(L/D=7H)y MN¥(L/D)
ASSIGN 8 TO NHA
GO TO 500
RETURN WITH HYPFRRBOLIC FUNCTS IN CHMs SHM ARRAYS, NFXT COMPIITF
UAR1s UAR2s UAR3 USING HYPFRRLC FUNCTSe
ASSIGN 9 TO NUARA
GO TO 600
RETURN WITH UELRSe




[}

s

™y

12

)
o

Tie ANy LIARRZ 4 JARZ /ROTM4 1IARZ /ANTE ~119-~
Wppe oo
GO 10 L e Ny 161
FOLLOWING COMPIHITFES <M wWHFENM THFTA TFPM FNTIFRS- CASE 4
ASSIGN 17 TG NISI?
CALL SINCOS
SMN= D#*CN
SMP=CR#SN
Cl=5MN+=SMP
72 QMM GMP
T8 OMEICT#(UARY 4+ UARD /RGTMY +C2%#(11AR3 4+ {JAAD/RNTP)) + <1<
OM=z <~ ON
GO TO NI&S1I29 [17476)
FMNZ3= EMN73 + ZNI(13)

EMNZ = FMN72 4 FN7H
FMNZ 3= EMN7T + 7N(1)
RCTM = ROTM 4 FNN
BOTP = POTP 4+ FNN

AROVF STATFMFENTS ADVANCF SIIMMATION INDFX M RY 1,
TF 'FMNZ23~ Ba0) 14414417
FOLLOWING COMPUTF UARTI=3 RY HYPFRROLIC FIINCTINNG,
ASSIGN 16 TO NHA
GG 70 500
ASSIGN 24 TO MUARA
GO TO 600
FOLLOWING FOR MN#(L/N)] GREATFR K4 TFST MN#7_L.
IF (FMNZ1- R40) 18418473
TE {FMNZ2 3= 50eN) 7145169410
CHM{1 )= CHN{1!2THP {11+ SHN({1)Y*SHP(1)
SHME T v SHNMITIY#CHP LTI+ CHN{ 1Y #CHP (1)
CHP Y= (e 1)
SHP{j)= =HM{ 1)
Xh:s EXDF{FMN72)
UM - st /XS
T(lY= ChMoy 240 1)
TiZ2i= SHM Ty asH{1Y
UAB Lz {T{ e T{23Y/7(X%S#% X7{3)#ROTM}
UAFRR=ITE Y+ TU2Y)V/7XS)*X7(68})Y/BOTP
GO T0O 24
FOLLOWING TOMPUTE UARYI=3 BY RYPFRROLIC FUNCTIONS,
ASSIGN 22 TO NHA
GG TO 500
ASSTGN 24 TO NUARA
GO TO 600
FOLLOWIANG FVALUATFE HaAR1=3 PY ASYMPTOTIC FORMIILAG,
UARZ = Q58 FXPF(FMNZ 1 =FMNT 2)
VAR = HIARD JIXZ (4 *QTM)
AR 3= HIARZ®X7 {4y /RAOTP
FOLLOWING CALCHH ATF SUUME AND CHEFCK CONVFRGOFRGFNCF .
Sis S+ UART ¢ UAR2 4+ (jaAR? JROTM 4+ jARD /ROTP
GO 1D {(Z6+472%)4]1581
ASS iGN 26 TO NiISY1D
GO TO 11
IF (SPR/ST1= (049.991274728,28
&PR= &}
GO TQ 1.
GO TO 130537295181
S1= &7S8
RETURN
CALCULATION OF HYPERPOLIC FUNCTS OF MNEARGIIMFNT,
DO 501 IQ= 1,3 .
CHM{TQi= CHN(IQI*®*CHP {TIQ)+ SHNIIQ ) ®SHP( I
SHM:IIQI= SHN(I )} #CHP(IQ)+ CHN{IQ)®#SHP(IO)




501

6no

CHP(IQ,= CHM(IQ) -120-
SHP({1Q)= SHM(IQ)
GO TO NH2Ay (8316927

CALCULATION OF UAR1~3 USING HYPFRROLIC FUNCTINONS,
UAR2 = CHM({1)%#SHM(2)/CHM(3)
Tell= CHM(1V#CH(1)
T(2)= SHM(1)%*sH(1)
T(3)= SHM(?)%CH(2)
TlaY= CHNI2)V%SH(2)
T(5i= CHM(3)H#CH{3)
T{6)= SHM(3)%SH{3)
UABT= ({T{:;=T(2)1/7(T(5)=T(6)I)1)V*¥{(T(3)=T{4))/ROTM
UAB3= ((T(1)4T(2))/(T(5)+T(6)))*{T(3}+T(4))/ROTP
GO 7O NUARAS(9+24)
END(Os1909140)




NN

- DO 11J=1sNTH | R -
. z,o,oj,‘ E ) oL o L
YSSZTA -

SURRQUTINE SURP1 -121~
THIS SUBRQUTINF COMPUTFS THF FIRST ORNFR PRFSSUIRF PROFILFE
WHICH UPON EXIT FROM THE ROUTINE IS STORFD IN P0O2e THE
S1 AND SOR SURPROGRAMS ARF ISFNe POPL1= {[UT4112)14113
POP1/(PO2)Y = P
Ul+U2 INVOLVES HISF OF <1

DIMFN"TON ALFA(S 1) oALON(CIN) sAMDAL (1NN s VIINN)9F(51)eX(51)19T(12)6P
102(51 4&1) oDUMMY{I0N0)sCI{2N0)eNAMIABT) s7N{2R3)eXN{4)eX7(B)gCH(R)gOH{
13) s CHP (3 oSHP(3) 9 CHM(3) o SEM{ ) pCHN(3) 9SHN(3 )y RVFC({5n)

Ze XCOSI200)9C0S1(50450).,C0C2(5045N0)+FRASE(BD)Y o AMAT(5048N) 9CCOS(SH
35)9COST(6193)9CSINISO}sSINT(6193) 9 TEMP(51961)

COMMON PASCoASZTAsAK sRTI2oNsNASNLDINAAJNVIALFASALOD s AMDAL sV oF o X 9 MD
1IAGIMORCS 9IRS 9XSsYSesCOSAT sCOSAZ s CSeS0sToSTNHK o SINHNK ¢ COSHK s COSHNK o N
PZINTH sPO2 sAAR 9B 9 CR AN ICOUNT o F e FNSALODT o WK 9 TAR 37 TANSALFPIALFSRIDFL?
34C0s DELTHoCl1oDINGNDINSCNeSNeS1sTS1s7Hoe7L BRVEC+AMAT 4 COS1,CO
452 ¢yFRASE o XCOSaZ TAP 97 TAMSCCOS9(COST9CSINGSINT 9 TFMP

VAR = FN*DFLTH

E= =VAR

181=>

FMPT= ~CO%FN/3¢1415659727%#0475

DO 2 J=1eNTH

F=F+VAR

Z= 0.0

CN=COST(Js?)

SN=SINT(Js2)

ZH= ZTA

DO 2 I=14NZ

CB=040

D=1.0

ICOUNT =1

TAR =0,

B= COS8T(Je3)

AAR= SINT(Js3)

IF(I-NZ) 3422

IF(2=2TAM) 54546 .

2L=2

GO 10 7

IF{2=-2TAP) 84949

2H= ZTA

ZL=ZTAM

CALL 81

TEMP(IsJ)= S1

2H= ZTAP

2L= Z27A

CB= 00

D= 1,

ICOUNT = 1}

TAR= 040

B= CO3T(J)e3)

AABz SINT(Js+3) , ‘ .
‘CALL S1 i o - o

Sl=z Q+S%(SI+TEMP({1,4J}) : e

GO T0 10 B } -

4= 2 o T

2L= 27A . o

CALL 51 4 B
TEMP{1sJ)= S1 *FMPT - : I P
222+DEL2
CONTINUE
RS= ALODI

e L aprgenbh ol g e’ b 2



K.

iam e -

DO 11 [=13sNZ ’ 2 ~122-
IF(T=NZ) 12491991 ;
12 IF (7-2TAM) 13513414
13 X%=21
M11=1
GO 10 15 ' -
14 1F(2-2ZTAP) 16917917 : S
16 YS= ZTA — -
XS= ZTAM LT
M11=2 oD
GO TO 15 o o
17 YS= Z . ’ S
xSz 2TA :
M11=1 : -
15 DO 21 X=1N ' S
Al= COST(JsZ2)%#CCGSIK) ' .
AZ= SINT(Je2)%CSIN(K) ~ . _ L F
COSA1= A1=A2 7
COSA?= Al+A2
GO TO 72 R
18 VAR= SO+ 0e5%(RS=YS) , . T/
YS= ZTAP
Xxs= 2TA
M11=3
22 CALL SOR
GO TO ¢ 19918920) sM1]
20 60={ VAR+S0+(RS=YS 1 #0e5 1%0e5
Ys=s 2TA Coe e
XSa2 ZTAM Lo
M1i=2 . '
G0 TO 21
19 SO0= §O+0e5% (RS=YS) .
21 TEMP(1sJ)= SO¥ C1(K)/7642831853 %,
. PO2(14J1= TEMP(1+J)/P02(1vJ) '
GO TO 11 : -
91 PO2(1sJ) = PO2tIsl) : -
11 CONTINUE | T
RETURN Ceat
ENG (felelis’el)

Al s s 3, e

YT v

]

o




NN NA!

NI

SUBROUTINE SINH -123-
DIMFNSION ALFA(B1)ALON(10) sAMDAL 1IN0 YoV I10N) oF (BT ) e X (5119 T(12) 4P
102(51961) oDUMMY(100)sCT1{200)4DAMIET) s7NI(3) s XN{L4) g X7 (B)yCHIR) g SH{
13)9CHP(3) 9SHP(3) 9 CHM(3) 9 SHM(3) 3y CHNI(3) 9SHN(3) o RVFC (50}

9 XCOS(200)9COS1IIBN450)sCOS2(B5Ne5N)4FRASEISO) o AMATIBNGSN) 4CCOSI(S
20) e COST(6193)sCSINIBO)Y9SINT(6193)9TFMP (51461

COMMON PAsCoAsZTASAKIRTI29NsNAYNLD sNAA SNV sALFASALOD 9AMDAL sV oF g X oMD
11AGsMORCS YIRS 9XS9YS9COSAT 9COSA29CS S0 ToeSINHK s SINHDK 9 COSHK 9 COSHDK o N
2ZsNTHIPO2 s AAB IR sCR oNsICOUNT sF s FNsALODI yWK 9y TAR9ZTANSALFP3ALFSRSNFL 7
34COy DELTHWCT eDININDINGCNISN9ST161S197Hs7L s BVEC s AMAT 9 COS14CO
452 9 FRASE o XCOSsZTAP ¢ ZTAM S CCOSsCOST oCSINGSINT S TEFMP

SINHK1= SINHK#TOSHDK 4+ SINHDK*#COSHK

COSHK = STNHDK#SINHK + COSHNDK#COSHK

SINHK =STNHK]

RFTURN

ENDINGT1 4091 40)

SINE COS SUBROUTINE —-= DUF TO POSSIBLE ROUNDOFF FRRNHR IN THIS
ROUTINE EVERY TENTH SET NF VALUES IS COMPUTED USING A SERIFS
OR EXPONFNTIAL APPROAXIMATION ROUTINFE AAR=STIN(DARG) 4R=COS(NDARGR)
CB=SIMN{ARG)s D=COS(ARG)

SURROUTINE SINCOS

DIMENSION ALFA(S1)sALOD(I0Y sAMDAL(1N0) oVIION) 4F (BT ) eX{B1)sT(12) 4P
102(51461) 4DUNMY(100)9sCII200)4DAMIBT) 97ZNI2) g XN(4) e X7 (B)9CHIR)gSH L
13) 9CHP(3) s SHP(3)9CHM({3) 3 SHM{Z3 Y 3y CHN(3) 3SHN(2) RYFC{5f)
2y XCOS(200)9COS1(50950):CO0S2(50950)9ERASE(50) o AMAT(50450) ¢CCOS(S
30)sCOST{6192)9CSINIBO)sSINT(61¢3) s TEMP(5]1461)

COMMON PAsCoAsZTASAKIRTI2sNsNASNLDsNAASNV 4ALFASALOD 9y AMDAL 9V 9F ¢ X gMD
1TAGIMORCS sRS9XSsYSsCCSAY sCOSA297S eSO T9SINHK ¢ SINHDK s COSHK s COSHDK ¢ N
229NTH9POZ9AABQR¢CB,D9ICOUNT;EQFN;AEOﬁIQWK9TARQZTANQALFPQALFSR9DFLZ
34C0y DELTH9C1sDINGNDINSCN9SNeS1915197He7L BVECsAMAT 4 COS14CO
4S2 s ERASE 9 XCOSeZTAP 37 TAM CCOSsCOSTeCSINGSINT o TEMP

IF (TCOUNT=10 )} 14292

FIC = ICOUNT

TAR = 140+TAR

ICOUNT =1

CB = SINF(FIC *TAR¥F)

D= COSF(FIC*TAR®E)

GO 10 3

ICOUNT =TCOUNT +1

FI1C = R¥CR + AABHD

D = —~AAR®¥CR + R*D

R =FIC

RETURN

FND{Cols0s140)



B EANG!

DOURLFE INTEGRATION OF WK =// PK COS(TH) DTH DZ « THE THETA RANGFE
1S APPROXIMATED BY TRAPFZOINDAL RULFe THF 7 RANGF 1< APPRAXIMATED
RY SIMPSONS RULF

SiJRROUTINF LLCALC

DIMENSION  ALFA(51)sALODIY0) oAMDAL(INN)sVIINN)sF(B1)eX(B51)eT(12),4P
102(51961) sDUMMY(100)sC11200)4DAMIEL) ¢ZN{3) s XN{4) e X7 (5)sCHIZ) 9SH{
13)9CHP(3) sSHP(3 ) s CHMI{3) o SHM({3) g CHI'(3) 9SHN(3) RVEC(5n)
2y XCOS(2N0)sCOS1(50e50)sCOSP2(B045N)9ERASF(50) o AMAT{B50N450) ¢CLCOS(H
30) s COST(6143)9CSIN(B0)9SINT(6193) s TEMP(51461)

COMMON PASCoAs7ZTASAKSRTIZ2 sNgNASMLD ¢NAASNV o ALFAZALOD¢AMDAL 3V sF o X aMD
1 TAGIMORCS sRS o XS 9YSsCOSATsCOSA? 9 CS oSN TeSINHK s STNHNDK ¢ COSHK 9 COSHNK o N
227 sNTHIPO?2 s AARSRsCB oD s ICOUNT s FEgFNoALODT o WK s TAR s ZTANGALFPOALFSReNFL 7

34C0s DELTHC1 oDINSNDINICNeSN9S1aIS1e7HeZL > RVEC s AMAT 3 C0OS145CO
4LS2 sERASE ¢ XCOSsZ TAP o7 TAMSCCNS 9 COST 2y CSINGSINT TEMP
COSTH =140 -124~

PZ3 = DELZ/3.0
TDZ3= DZ3+N73
FDZ3=TD234+TNHZ3
NX =NZ=2

WK=0.0

DO 1 I=14NTH
VAR=0.0

VARI= PO2({142)
COSTH= COST(1+2)

DAMI(T) = DZ3%(P0OZ(Is+1))

DO 2 J=34NXs?

VAR = PO?(IsJ) + VAR
VAR1 = PO2(IsJ+1) + VARI

DAM(1)= DAM(T}1+TDZ3*#VAR+FNZ3#VAR1
DAM(1)=DAM(I)*COSTH

WK=WK+DAM(T)

WK= (WK-=(DAMI(1)+DAM(NTH))*045)*DELTH
RETURN

END(Ds190s150)
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COMPUTER PROGRAM PN0045

Static Load for Infinitel’y Short
Journal Bearing; with Line Source Feeding



-r

MECHANICAL TECNOLOGYSINCe  JORGEN WeLUND  12-8-1962
PNOO45=INFINITELY SHORT HYDROSTATIC JOURNAL BEARING
DIMENSION VLST (2001 sFLST(200)sEPL(2AN) sCSI200) D200 $DUMISN0Y 5

10W1 (200} -126-
200 READ INPUT TAPF 24100

READ INPUT TAPF 24101

READ INPUT TAPE 2s105sNVeNLLINTP oNTHINDTASINP
READ INPUT TAPE 25106 (VLSTII)NsI=1oNVI9(FLST(T)sT=14NLL)
14(EPL{I391=19NFP)

WRITFE OUTPUT TAPE 34102

WRITE OUTPUT TAPE 34100

WRITE OUTPUT TAPE 3,101

WRITE OUTPUT TAPE 34103

WRITE OUTPUT TAPE 35104sNVsNLLINEPJNTHINDIAyINP
WRITE OUTPUT TAPE 3,107

WRITE QUTPUT TAPE 34108s(VLSTI(I)sI=14NV)
WRITE OUTPUT TAPE 3109

WRITE OUTPUT TAPE 34108¢(FLST(I)aI=14NLL)
WRITE OUTPUT TAPE 3,110

WRITE QUTPUT TAPE 34108¢(FPL(I)yI=14NFP)
DiH=NTH

DTH=341415927/DTH

NTHE=NTH+1

TH=06,0

DO 201 1=14NTHE

CS{1)=COSF(TH)

201 TH=TH+DTH
DO 205 J=14NV
V=VLST(J)

V2=(V¥Y=1,0)1%4,0

DO 205 K=1eNLL
FL=FLST(K)

A=FL%FL

A2=045%A

DO 205 L=19NEP
EPS=FPLI{L)

W=0,0

W2=0.0

DO 202 1=1sNTHE
CTH=CS{ 1)
HE6=(1a04+EPS*¥CTH)*%#6,0
TH=V2 /A%*H6 '
IF{TH=0001) 20792084208

207 Q=V2/440
GO T0 209

208 Q=A2#({=1e04+SQRTF(1a40+TH))/H6

209 Q1=Q+1.0
GSR=SQARTF (Q1)

DW(I11={Q1%QSR-=140)/0%CTH
DW1{I1)=QSR*CTH
WZ=W2+DWI D)

202 W=W+DW( )
W=DTH*({DW( 1) 4+DWI(NTHF )=2.0%¥W} /3,0
W2=DTH¥10e5%¥DWI1(1)40s5*¥DWI(NTHE ) =W2)
Wi=1e27323952W/EPS
IFINDIAY 20342044203

203 WRITE OUTPUT TAPE 3,111
WRITE OUTPUT TAPE 351129sVeFLEPSeV29sA9A2sDTHeTHeCTHIHOE9CQ9Q190SR,

1WeWl
WRITE QUTPUT TAPE 331134(CS(1)sDW(T1)eI=14NTHE)

204 WRITE OUTPUT TAPE 3,114
WRITE OQUTPUT TAPE 3431154VeFLIEPSsWeW1l 9W2

205 CCONTINUE ‘



IF(INP) 20642009206 -127-
206 END FILE 3

STOP 77777
100 FORMAT(T2HO

1 )
101 FORMATI(T2H

1 )

102 FORMATI(84H1 PNOQ4S=INFINITELY SHORT HYDROSTATIC JOURNAL BEARING
1 JORGEN WeLUND 12-8~1962 )

103 FORMAT(90HO NOoPRRATIO NOJL/D*LAMBDA NO+EPSILON NOGTHETA
1 DIAGNOSTIC INPUT ) :

104 FORMAT(18+45115)

105 FORMATI(615)

106 FORMAT(1P4F1Se7)

107 FORMAT(18HO PRESSURF RATIOS)

108 FORMAT(1P7F16.7)

109 FORMA"(18HO L/D*LAMBDA-T )

110 FORMAT({12HO EPSILONS )

111 FORMAT!18HO DIAGNOSTIC )

112 FORMAT(1P6E1647)

113 FORMAT(1P2E16.7)

134 FORMAT(108HO PRESSURE RATIO L/D*_AMBDA-T EPSILON
1 DIMENS«LOAD 4/PI*LOAD/FPSa CENTER LOAD )

115 FORMAT(1P6F1847) -
END {0s051)



COMPUTER PROGRAM PNO0047

Dynamic Load for Journal and Thrust
Bearing with Line Source Feeding

3
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C

C

MECHA
PMOO4L
DIMEN
1+Q5T ¢
2PT1(1
3eVII(1
4DUMMY
200 READ
READ
READ
READ
READ
READ
READ
READ
READ
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
1FKA
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE

WRITE

WRITE

_ WRITE
WRITE
WRITE
CALCY
FALFA

. - EX6=2
- EXi=z1i.
CEXT=(
"EX4 =
EX1=F
CRP =
EX3=
-EX2=
EXS
EX6
£X1=1
DIT =
"CX=CR
DO 25
CX =
C5 =
QST {1
 PR2ST
258 PRST{
- AME =M
INITI
DO 24
FLD=F

DELTA=

DELTA

NTCAL TECHNOLOGYsINCe JORGFN WeLUND 9=2-62

7 DYNAMIC LOAD FOR HYDROSTATIC JOURNAL AND THRUST BFARING
SION FVFE(100)sFLAMIIO0)sFSIG(1N0)sFALFA(26) sFXT(50)9FGAM(50)
50) 9PR2ST{501 sPRST(50)9G(101)9PN(101)sPZG(101)3PR1{101},

01)sPR2(101)sPI2(101719SR(101)eST(101)sTR(101)sTI{101sVR(1INT}
01)sTSRI101YsTST(101)sTTR(IINDL)sTTI(I01) 9o TVRILINI)9TVI(101}5
{1000} ~129-~

100 ‘

101

1029NS169NLAM9NVFE9KOP19NX9NGAM;MT9NDIAGyNPRoFKA

103{FXT(T)91=14NX)

103 (FGAM{T) s T=14NGAM)

IN3s (FVEE(I)eI=1eNVEF)

1034 (FLAM{ 1) 91=1oNLAM)

1033 (FSIG(1)9I=19NSI3)

1029 (FALFA(T)91=2426)

OUTPUT TAPE 34115

OUTPUT TAPE 3,120

OUTPUT TAPE 3,100

OUTPUT TAPE 3,101

OUTPUT TAPE 3,136 _
QUTPUT TAPE 39137 sNXsNGAMyNVEE JNLAMINSTIGIKOP ¢MT oNPRINDIAG

OUTPUT TAPE 3,131

OUTPUT TAPE 351244 (FXI(T1)s1=14NX)
-OUTPUT TAPE 34132

OUTPUT TAPE 39124’(F0“M(I)91 19NGAM)
OUTPUT TAPE 34125

OUTPUT TAPE 3, 124;(FVEF(I)¢I 19NVEE}
OUTPUT:- TAPE 13,4123

OUTPUT TAPE 34124, (FLAM(I!;I 1sNLAM)
OUTPUT TAPE 34126

OUTPUT TAPE 391249(F§IG(I);I lquIG)
OUTPUT TAPE 3,127 -

OUTPUT TAPE 34124, (FALFA(1)41=2426)
LATION OF ORIFICE FLOW TABLF

{1)=1.0.

<07 (FKA41.,0)

0/{FKA=1+0) -~
EXO**#EX1)*SQRTF (EX6*FKA)

240 * EX1 ,
KA*EX1 i : - T -
EX6 *% EX1 : - -
SQRTF (2.0%#EX1)
1.0/7EX1

-ExX2 -

1,0/EX6

o 0/FKA

{1e40 ~CRP) /5040
P )
B 121450 . ,
CX+D1IT - .
CX*#EX1 B .
) EX3#CS5S%*SQRTF (1. 0~(¥ %) E i
(1) =CX#CX - ;
I)= CX
T
ATE L/D LOOP

2 TA=1enNX
XI({1A)
FLD/AMF
S=DELTA*DELTA

TF(KOP1} 20252019202 i



201 P2LD=FLD -130~
GO TO 203

202 P2L.D=LOGF{FLD)
INITIATE L1/D-LOOP -
203 DO 242 1B=14NGAM
FL1D=FGAM(IR)
IF{KOP1) 20442C54+204
204 FLG=LOGF(FL1D)
BETAT=P2LD/FLG
BP12RFTAT+] .0
GMNV=1.0/FL1D
FRET=140/(FLD®*FLD)
DELTA={FLND=1s0)/AMF
DELG=(1s0=GMNV)/AME
INITIATE PRESSURE RATIO LOOP
205 DO 242 1C=1,NVEE
V=FVFE(1C)
V2=V¥Y
VNV=1,0/V?2
INITIATE LAMPDA=T LOOP
DO 242 ID=1oNLAM
FLT=FLAM{ID)
CALCULATE DIMENSIONLESS FLOW AND ORIFICE PRESSURE
259 Cl=FLT*P2LD#*V
CX=SQRTF(104C1*EXT)Y/V
‘ IF(CRP=~CX) 22342229227 '
222 P2=FLT*V%EX7 o
Cl=1.5%P2 : ‘”
£2z20s0 - ' ' . -
POO=CX*Y- -~
SLP=040
VC=1,60
GO TO 244
2723 C2= V?*CRP*CRP“l 0~- Cl*pA7
: MTST =0
{ =2
Coa=2,0%DIT
261 M=2
262 VC= FALFA(M)
263 (C5=vy2 * PRZS*(L) 1. O-CLWVC* QSTI(L)
CX=PRST(L) .
. 265 IF (MTST) 26652564231
266 (6=C5% (2
IF{C6) 26892689267
267 L=L+2
M=M+1 , : ,
C2=C5 ‘ . . -
IF(L=~50) 262 26’0275
268 MTST =1.
C7=C5
CL=Le~l . '
VCM = FALFA(M~1)
vCs=yC
DVC=! VC~ VCM!/C4
VC = {VC+VCM) /2,40 :
60 YO 263 - -
231 €1 = C4 # C4& )
Cl = 2.0%(C2+CT=2,0%CS)/C1
C3 =:iCT=C2)/C4&
IF (C1) 23342324233
232 Cs= ~C%/C3
GO T0 236
233 Cb= Q4.5% (C3/C1 -



”9c

- C

CHép= SQRTF{Ca*C4~C5/C1)
IFIC4) 23442354235

234 C6= -(6

235 Céb= (Cé6=Cxh

236 Co6= CX + (6

237 P2=(V2%*CX%CX-160)/P2LD

POO=CX*Y
EX7=CX®#EX]1
Cl=z1.5%P?2

_ VC=VCH+CHEXDYC

CH=VCAFLTAY
C4=P2/C4
C52=DVC/VC
£6=045%/C

2= C6*FL1/POO*(CB*C4+EX4*EX2/C4*(EX6-EX2/CX))

SLP==2.0%C2/FLT*P0O

244 1F(KOP1) 24592719245

JOURNAL BEARING CALCULATIONS

271 Pa(1)=P00

MTST=14MT
C4=P2#DELTA
Co=P2*FLD=C4

DO 213 J=24MTST .
PO(J)=5QRTF(140+C6)

213 C62C6~C4

21
L CTI=0,0

INITIATE FREQUENCY NO. LOOP
-DO 246 J=1NSIG -
S1G=FS1G(J)

"~ CALCULATE AsBsC AND D Ahb CENIER LQAD CONSTANTS :

$GP2=51G%P06
FFC1=S1G/P0O °
FUNK=T1e04FFCI*FFCT .
AL = SQRTF( FUNK) -
BETAJ = AL =-1¢0 :
BETAJ = SQRTF(0.5 # BETAJ) ’
AL = AL +1,0 - ‘ '
AL = SORTF(0¢5 # ALY
FFCR=1,0/{FUNK#P0O )
FFC1==FFC1/(FUNK%POO)
FSPR=SIG/FUNK#S1G
FSPT=51G/FUNK*POO
SH2A=240%FL1D*AL
SHZA=EXPF {SH2A) .
SN2B=140/5H2A :
CHZA= {SH2A4SN2B | #0¢8 -
SH2A= {SH2A=SN2R ) %08 .
_SN2Rx2,0#FLI1DARETAY
"CS2B=COSF(SN2R)
SN2R2SINF (SN2B)
CTR=CH2A+CS2ZR .

FHR= (AL SHIA-RETAJRSN2R) ZCTR
THI*(AL*SN?R+RFTAJQSH2@’/C?R»“

IFIFLIDY 211492194211
CTR=0,0

FSPR=0DLO - -
FSPI=0e0 o
GO 10 212 ‘

211 CT1sCH2A=CS2R

CTR={AL®SH2AMRETAJIRSNZN ) /CT]

CT!8!BiTAJ*SHZA-AL*SNZR?fC?(

212 AmC1+THR#E SPRZTHI#FSET

AeTH HESPLHTHIAFSPR

-131-



<209
= 210 :
> .- HIO=(TE (M} *SR(M&-TR(MS*SFf&?&!Bﬂ‘<
: rHROS-iTI(Mk*SItM)+¥R!M¥*$R¢M¥1jﬁ&P?,
"GO TO (6005601) 9K o ST
, - JOURNAL BEARING LOAn.TRAﬁsLAzfﬁu .
600 :
- ERL=0.6 S L R
. D0 302 &=19M -

C=3HR+C2 : . ~132~
D=TH1 A
FINITE DIFFFRENCE EQUAT1ONS

FF=040 :

K=1

M=MT+1

DO 207 N=1leM

GI{N)=SIG#PO(N)’

QR=0+.5%DELTAS

QO1=QR/POO*SIG

PR=OR*FF

PI=QR*5(1})

SR(11=0e0

S1(1)=0e0

TI(1)=0e60

TR(1)=160.

DO 209 N=24M"
" SRIN)=SR(N=1)+PR+DELTA%A

208

'_plltnsatszcn»+rwx~r*uro+rrcns*unctlpatns

302

215

214

216

!

CIF(FLID’ 21692155216
_ECL=0.0 A "yz'f c L

: EF-H!O+FSPIJ,
'EF:RF&THI+EF¢THR-SGPZQFLlo L
- ECL*FFCR#EFAFECI®CO ';~:-;;f“>qn )

SI(N'=ST(N~1)+PI4+DELTA#B
TRIN)=TR(N-1)+QR+DELTA¥*C
TI(N)=TI(N=1)+QI+DELTA%®D
1F{N=MT) 208+208+210

C6=SIG/PO(NY - - ’ . T,
pR=pR»oELTAs*(sR(N»-Cb*tl(~)+FF) o _ ST
PI=PI+DELTAS*(ST(N)+COH*SRIRI+GI{NY) ° o -
QR=QR+DELTAS*(TRIN)=C6*TT(N)}) -
OT=QU+DELTAS*{TI(NI+CEXTRINYY
DHRT-?R(MI#TR(M)¢?f¢HP‘YIGﬂ}

REL'OOO P 3.

PthN)s(QRtN)+TR€N)*PROwalN)*HI&*/Pﬁ(N!
REL=REL+PR1 [N}

EEL=EEL+P11(N) «
REL*DELTA*(O.B*PRI(17~REL)

EEL =DELTA® (EEL=0485P11(1})

RCL=040 o s

6 10 216 RS
RF2HRO4F SPR. T

C6=RFETHR=EF#THT -

RCL=~FFCR¥CO4FECIREF

CésREL4RCL - -
C4z ~(EELHECL)

“w'l.5701963/!FLD%FLlui*SGRTF(CG’CG*C"G@3 R

THETA=ANG (C6+CH)
JOURNAL QEARING ﬂOMENToROTA?ION

‘- FFeC}- . - = _ .

217 C

“GINIGIN}ACE. ) 4u\€‘ Jv:f”f';flﬁﬁgg;;;;;?ua
- ASFLID#(C14FSPROCTR-FSPIRCTI)SFSPR - = *,

K=2 :
CasFLID -
DO 217 NuleM

C4=Co4+DELTA




B=FL1D*{FSPR*CTI+FSPI*CTR)=F5PI ~133-
C=CTR+(C2
D=CT1
HTRZ=HRO
HTEZ=HIO
GO 70O 718
601 REM=0,40
EEM=0,0
Ca=FL1D
DN 2720 N=1¢M
PR2Z{(NJ=(SRIN)+TR{N)*HRO=TI(N)*HIO) /PO (N)
PI2(N)=(ST(NI+TR{N)*HIO+TI(N}*HRO) /PN (N)
REM=REM+C4%¥PR2 (N)
EEM=EEM+C4%P 12 (N)
220 C4=C4+DELTA
REM=DELTA* (0«5%PRZ (1 )*FL1D~-FEM)
FEM=DELTA® (EFM=0,5%P12(1)*FL1D)
IF(FLID) 22442214224
221 RCM=0,40
ECM=000
GO TO 225
224 RF=HRO+FLID*FSPR
EF=HIO+FL1D*FSPI
C4=FLID*¥CTR=140
C6=FL1D*CTI
ECM=RF*C4-~-EF*C6
C4=RF*CO+EF*#C4=SGPZ/3.0%(FL1D%*%3)
RCM=FFCI*C4~FFCR*ECM
ECM=FFCR*C4+FFCI*ECM
225 C6=REM+RCM
Ch4==(EEM+ECM)
RMT=0e78539816/(FLD+FLID)*SORTF!CE*C6+C4*C4)
THMT=ANG{C55C4)
JOURNAL BFARING OUTPUT
WRITE OUTPUT TAPE 3,106
WRITE OUTPUT TAPE 34107sFLDsFLINsVsFLTeSIG4P2,4CX
WRITE OUTPUT TAPE 3,108
WRITE OUTPUT TAPE 251074P00sVCeSLPIHTRZsHTEZ9HROSHIO
WRTITE OUTPUT TAPE 3,109
WRITE OUTPUT TAPE 35110sWsTHETASREL $TELIRCLSECL
WRITE OUTPUT TAPE 3,111 :
WRIVE OUTPUT TAPE 35110sRMTeTHMT ¢REMyEEM4RCMyECM
IF{NPR) 24052464240
240 WRITF CUTPUT TAPE 35112
WRITF QUTPUT TAPE 3,113
Ca=FL1D
PO 741 N=1gM
WRITE OUTPUT TAPE 35110sC4sPO(N)9sPRI(IN)SPTIIIN)yPR2(N)4PI2(N)
241 C4=C4+DELTA
246 CONTINUE
GO TO 242
THRUST BEARING CALCULATION
245 A=BPI%*(C1
P=RP1*#C2
M=14+MT
C2=RETAT*P?
Ca=140
(5=1,60
Ch=1,0+P2%P2LD
DO 247 N=]1sM
C=LOGF (C4)
D=LOGF(C5)
PO{N)=SQRTF(C&5=P2%*C)



Y

PZGIiNI=SQRTF (C6+C2#N) -134-
C4a=Ca+DELTA
247 C5=C5=-DELG
INITIATE FREFQUFNCY NO. LOOP
DO 290 J=14NSIG
SIG=FSIG( U
FINITE DIFFEREMCE FARUATIONS
K=1
ERC=0e0
FRC:0.0
ER:OQO
FR=0,40
248 ADR=DELTA
BDR=DELTA
C=0.0
D=0,0
NO 2.9 N=1 oM
249 GIN)Y=PO(N)
250 C3=1.0
C4=1.0+RDR
SR{1)=040
S1{1)=060
TR{1
TI{1
vi(l)
VR({(1)=1.0
C6=0,5%ADR
PR=C&%FRC
PI=C6%S1G*P00
WR=C6E6*ERC
WI=C6/PO0O*SIG
QR=O;0
QI=0,0
DO 284 N=?2M
C5=i.0GF(C4/C3)
SRIN)=SR{N=-1)+C5% (PR=C)
STIN)=ST{N=1)4C5%P1]
TR{NJ=TRIN=-1)+C5%(1.0+QR)
TI(NI=TI{(N=1)+C5%Q1
VR{N}=VR(N=1)+C5% (WR=D)
VI{N)=VI{N=1)+C5%WI
IFiN=M} 251432554255
251 C3=C3+BDR
C4=C44+RDR
FE=G({N}
EE=SIG/FE
FE=SIG*FFE
IF{K=2) 253432534257
252 FE=FE%*C3
FR=FRC/C?3
ER=1.0/C3
EFR=FR*ER
253 C5=ADR*(C3
PR=PR+C5*%(FR¥SR(N)~FE*ST (N)+FR)
PI=PI+C5%(ER*ST(N)+FE*SR{N)+FF)
OR=QR+CHS* (ER*¥TR(N) ~FE*TI(N))
QI=QI+CSX(CRXTI(N)4FEXTR(N))
WR=WR+CE* (ER¥VR(N)~FF*VI{N))
254 WI=WI+CE5*% (FR#VI(N)+FE¥VRIN))
255 GO TO (2564327R427047278) 4K
270 FRC==Cl#RETAY
256 ADR=DELG
RADN ~ AFi

AN

N
[ 1}

Q

D0
o Ne]

o ]



(=A -135-
D=R
DO 257 N=14M
GI(N)=PZG(N)
TSR{N}=SR(N)
TSTIN}=ST(N)
TTR{N)}=TRI(N)
TTI(NYI=TI(N)
TVR{N}=VR({N)
257 TVI(N)=VI(N)
K=K+1
GO TO 250
278 D1=TSRiIM)
D2=TSI(M)
D3=TTR(M)
D4=TTI(M)
ND5=TVRI(M]
D6E=TVI (M)
Gl=SR{M;
G2=5T{M} -
G3=TR M)
G4=T1{M)
55=VR (M)
G6=VI (M)
C3=D4*G6+G3*¥D5=-D3%G5-G4%N6
C4=D3#G6+D4%G5-G3#NE6~G4*D5
C5=D1%#G5-D2*G6~-G1 ¥D5+G2*D6
C6=D1#G6+D2*#G5~G1 ¥D6-(2%D5
C7=C3%C3+C4%C4
HPR={(C5¥C3=C5%C4) /CT
HPE={C5*Cu+C6%C3) /CT
C5=D3%#G1~D4*G2~-C3%#D1+G4*D?2
C6=D3%G2+D4#G1-G3%¥D2-G4%D]
HRO={(C5%C3=C6%C4) /C7
HIO={CS*¥C4+C6%C3) /(T
IF(K=2) 27952794264
THRUST BEARING LOANSTRANSLATION
279 ERC=1.0
rRC=C1
K=13
S5TW==0+5%(PO0+FLD)
STC==0+5%¥{POO+GMNV)
pEL=0.0
EEL=0.0
RCL=0.0
ECL=0.0
C3=1,0
C4=160
DO 260 N=14M
PRI(NI={TSR(N)+TTR(N}*HPR=TTI(N)*HPE+TVR(N)®*HRO=TVI(N)*HI0) /PO(N)
PITINI={TSI{N)+TTR(N)*HPE+TTI(N)*HPR+TVR(N}®*HIO+TVI(N)*HRO) /PO(N)
PR2(N)={SRIN)+TRIN)*HPR-TI(N)*HPE+VR (N)*¥HRO-VI{(N)*HIO) /P?G(N)
PI2INI=(ST{NI+TRIN)%¥HPE+TI(N)*HPR+VR(N)*HTIO0+VI (N)*HRO) /P7G(N)
REL=REL+C3%PR]1 (N)
EEL=FEL+C3*PI1(N)
RCL=RCL+C4*PR2 (N)
ECL=FCL+C4*PI2(N)
STW=STW+C3®#PO(N)
STC=STC+C4%P2G(N)
C3=¢24NELTA
260 C4=C4-DELG
REL=DELTA#(REL=~0C45%*PR1(1))
FFI =NFI TA*(FFi =0a5#P11(1))



l 285

281

282
283

264

|

285

290
247

bt

RCL=DELG*{RCL~0e5%PR2(1)) -136-~
ECL=DELG*(FCL=Ce5%PI2{1))

STW=DELTA*STW*2 , C¥FRFT

STC=DELG*STC*2 OX¥FRFT

WST=STW+S7C

Ch==(RFL4RCL)

C4=-FEL-FCL

W=Z s O¥FRFTXSQRTF(COE¥COH+T4%CH )

THETA=ANG(C64C4)

WRITE OUTPUT TAPE 2,114

WRITE OQUTPUT TAPE 34107 :FLDsFLINDsV9FLT9SIGyP2eCX

WRITF OUTPUT TAPE 3,116

WRITE OUTPUT TAPE 35110sP00sVCeSLPsSTWSTCyWST

WRITE OUTPUT TAPE 3,117

WRITE QUTPUT TAPE 3511043WeTHETASRELZWEEL sRCLHECL

WRITE OUTPUT TAPE 3,118

WRITE OUTPUT TAPE 341194HROIHIOsHPRyHPFE

IF{NPR} 281,283,281

WRITF OUTPUT TAPE 3,128

C3=1,40

Ca=1,0

DO 282 N=15;M

WRITE OUTPUT TAFE 34121 4C39PN(N)sPRIIN)SPIT(N}sC4sPZG(N)PR2IN)-
PT2 (N}

C3=C3+DELTA

C4=C4~-DELG

IF{K=3) 248424842990

THRUST BEARING MOMENTsROTATION

REM=0.0

EEM=0,.0

RCM=0,0

ECV=)40

C3=1."

C4=140

DC 285 N=13M
PRI(NI=(TSRINI+TTR (N} *¥HPR=TTI (N} *HPE+TVR(N)*HRN-TVI(N)*HIO) /PO (:
PIVLINI=(TST(N)I+TTR(N)%¥HPE+TTI (N *HPR+TVR(N)*¥HI0+TVI(N)*HRO) /PO (N
TR2IN)I=(SRINI+TRIN)*HPR-TI (N)*HFE+VR (N} *¥HRN=VI{(N})*HIO} /PZG(N)
PI2Z NY=(ST(N)+TRIN)*HPE+TI (N)*®*HFR+VR(N)*HTO+VI(N)*HRO) /P7G{(N)
C5=C5%*#C3

C6=CLa*C4
REM=REM+C5%#PR] (N)
EEM=EEM+C5#P11 (N)
RCM=RCM+CE6E#PR? (N)
ECM=FECM+C6%PI2 (N)
C3=C3+DELTA

C4=C4~-DELG

REM=DFLTA* (REM=0¢5%PR1(1))

EEM=DELTA* (CEM=045%PI1(1))
RCM=CELG®(RCM=0D45%PR2{1))
ECM=DELG*(ECM=0,5%P12(1))

C6é==(REM+RCM)

C4==EEM=ECM

RMT=FRFT*SQRTF(C6*CH6+C4*C4H)

THMT =ANG (C6+C4)

WRITE OUTPUT TAPE 3,122

WRITE OUTPUT TAPE 351104RMToTHMT yREMyEEMaRCMeFCM
GO TO 286

CONTINUE

CONTINUE

IF{NDIAG) 24342004243

END FILE 3

STOP 77777



275 WRITE GUTPUT TAPE 3,129 =137~
GO TO 242 ‘

100 FORMAT({72H0O

1 )
1n1 FORMAT(T2H

1 )
102 FORMAT(9I541PE15.7)
103 FORMAT(1P4E15.7)

106 FORMATI(////120RH L/D L1/D PRESSeRATIO
1 LAMBDA-T FREQUENCY NO. DIMFLOW ORIF «PReRAT
210 )

107 FORMAT(1P7E1747)

108 FORMAT(120HO0 ORIFePRFSS,e VENA CCNTeCFoe DM/D(P/V)
1TRANS«RE (HO) TRANS« IM(HO) ROTATRE {HO) ROTATSIM(HO) )

100 FORMAT{102HO LOAD : PHASE ANGLF RE(FAND LOAD)
1IM(END LOAD) RE(CTR.LOAD) IM{CTR.LOAD) )

117 FORMAT(1P6E1747)

111 FORMAT(102H0 MOMENT "HASE ANGLE RE(END NMOMT)
1TM(ENT MOMT) RE{CTR«MOMT) IM{CTReMOMT) )

112 FORMAT(96HO TRANSLATO
1RY ROTATIONAL )

113 FORMAT{102H DISTeFReFDePLe : PO RE(P1)

1 IM{P1) RE(P1) IM(P1) )

114 FORMAT(////120H OUTeR/0ORI%4Re ORTFeR/INNGR PRFSSeRATIO
1 LAMBDA-T FREQUENCY NO. DIMeFLOW ORIF«PReRAT
210 )

115 FORMAT(84H1 MECHANICAL TECHNO
1LOGY s INC, JORGEN WeLUND )

116 FORMAT(102HO ORIF<PRESSe VENA CONTeCFe PDM/D(P/V)
10UT «STATLLOAD INNeSTAT.LOAD STATIC LOAD )

117 FORMAT(102HO DYNAMIC LOAD PHASE ANGLE RE(OUTLOAD)
1IM(OUT.LOAD} RE(INN.LOAD) IM( INN.LOAD) )

118 FORMAT{66HO RE{HO) IM(HO) RE (HPRO)

1 IM(HPRO) }
119 FORMAT{1P4E1747)

120 FORMAT{108H PNOO47 DYNAMIC LOAD FOR HYDROSTATIC JO
1URNAL AND THRUST RFARING-FIRST OKDFR PFRTURRATION )

121 FORMAT{1PE144691P3F15691PFE164691P2F1546) .

122 FORMAT(102HO MOMENT PHASE ANGLE RE(OUT ¢ MOMT)
1IM{OUT«MOMT) RF{ INN,MOMT) IM{ INN MOMT) )

123 FORMAT({23HO FEENING PARAMETFRS)

124 FORMAT(IPTFI 747 :

175 FORMAT(18HO PRESSe RATIOS)

176 FORMAT(22HO FREQUENCY NUMBERS)

127 FORMAT(32HO VENA CONTRACTA CCEFFICIENTS)

128 FORMAT(120HORADIUS/ORIF.R PO RE(P1) IM(P]
1} RADIUS/ORIF R PN RE(P1) IM(P1) )

129 FORMAT{36HONO ROOT IN ORIFICE FLOW CALCULATION?

131 FORMAT(18HK0 L/D=RATIO )

132 FORMAT(18HO L1/D=RATIO )

136 FORMAT(120H0 NO.L/D NO.L1/D NOPRGRATIO NOJLAMEBDA NOsFR
1EQ., JOURN/THR, NO o+ INCR, PRFESSOUTP, INPUT ADIARGFXP o )

137 FORMAT{17+8112+1PF1647)
END(Os150s191)
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10000
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10
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o O NASA TEST DATA
o Zo 2588-5,~7,-17
\%
‘ \)%. _

| -

FiG.7

111073

2:1073

 RADIAL CLEARANCE - INCH B
AB-5 PIERCED HOLES AIRBEARING

RADIAL STIFFNESS vs CLEARANCE

300° 4107



FLOW-CCM/MIN AT 76°F AND 14 & PSIA

10,000 7 - I -
Poz 146 psic  AP=128psi
/
/
/ o . _ .
Py=146psia  AP=i.25 psi
/ g —
P,=70psia AP =1.25psi
OO0 E——1— / L/ : :
_____.__Z_b Pp= 1Opsia AP =125 psi—
B I ]
/ 7/
I// /
O NASA TEST DATA
l 9 2588 -6, -8, -I8
Iw y i
y &
y A
F 4
]
[
[7
10
|
0
0 11073 2:1073 31073 4.10"3

RADIAL CLEARANCE - INCH
FIG.8 AB-5 PIERCED HOLES AIRBEARING

RADIAL LOADING -SLEEVE FLOW
vs CLEARANCE



100,000 ;

STIFFNESS -LBS/ IN.

[ N
| e, NASA TEST DATA
7 2588-9, -11.-13,-15, ~I9
10000——+ \%,
0
.\,,
4D
1000 [ARSAN
1709 77
i/
| //
100 L/
10 3 3 3 3
0 1-10 2-10 310 4-10

AXIAL CLEARANCE -INCH

FIG.9 AB-5 PIERCED HOLES AIRBEARING
AXIAL STIFFNESS vs CLEARANCE



100,000

1

P, =146psiac  AP=12.8 psi
|

10,000

P,=14.6 psia AP=125psi

“P,=1.0psiac BP=[25psi

g

P.=10psia AP=

.25 psi

1,000

)

FLOW- CCM/MIN AT 76°F AND 146 PS'A

ONASA TEST DATA
2588-10, -12,-14,-16,-20

100

10—

0

BENNEE

2-10-3

31073
AXIAL CLEARANCE -INCH
FIG.IO AB-5 PIERCED HOLES AIRBEARING

4-10-3

AXIAL LOADING - ENDPLATE FLOW
vs CLEARANCE



100000

ONASA TEST DATA

2588 -42,-44,-50,-52

10,000

1,000

STIFFNESS - LBS/IN.

IOO !'fﬂ
L

10

NN

11073

FIG. 1l

2.1073 3.1073
RADIAL CLEARANCE- INCH
AB-5 MILLIPORE AIRBEARING

4.10°3

RADIAL STIFFNESS vs CLEARANCE



10,000

FLIW-CCM/MIN AT 76°F, (46 PSIA

1
+

. !
ONASA TEST DATA, 2588 -4i

Py = !4.6 psia AP:= 12 8psi

—_—

P =14.6 psio AP = |25psi

P,= 70 psia_AP = 1.25psi

" P,z 1.0 psia  AP=125psi

|

10 Lm[..
-
]

o 0¥ 208 303

RADIAL CLEARANCE -INCH

4.10°3

FIG. 12 AB-5 MILLIPORE AIRBEARING

RADIAL LOADING - SLEEVE

FLOW vs CLEARANCE




100,000

STIFFNESS -LBS/IN.

ONASA TEST DATA

2588-38,-40,46,-48

10000

1000

100

10!

1103

2:1073 3.10-3
AXIAL CLEARANCE - INCH

44073

FIG.13 AB-5 MILLIPORE AIRBEARING
AXIAL STIFFNESS vs CLEARANCE



10000

1000

FLOW-CCM/MIN AT 76°F AND 146 PSIA

gt

2588-39

O NASA TEST DATA

P, = 14.6 psio

AP=12.8psi

F, = 14.6 psia

AP =1 25ps:

1} Pg= 7.0 psia

AP = 1.25psi

P,z 1.0 psio

AP =] 25psi

1-10°3 21073

AXIAL CLEARANCE - INCH
FIG. 14 AB-5 MILLIPORE AIRBEARING
AXIAL LOADING - ENDPLATE

3.10°3

FLOW vs CLEARANCE

4-1073
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NOMENCLATURE

A Orifice flow area - inch
a, B,C,D Millipore flow coefficients
a Orifice racdius - inch

0~,b Dimensions of rectangular pad, representing thrust segment,
figs. 8 aad 9 - inch

C Radial clearance in journal bearing, axial clearance in
‘hrust bearing - inch

C Source strength
D Journal bearing diameter - inch
d Source location, see fig. 9 - inch
d Feeding hole diameter - inch
E,F‘IG Functions for use in finite difference equations, see eqs. (H.23),
(H.24), (H.30), (G.31), (G.37)
Journal bearing eccentricity - inch
f Pressure function, short journal bearing, see eg. (F.7)
H Pressure variable, representing (Po P.) , see eqs. (B.1l4),
¢.7), (G.26), (H.6), (H.20)
H;,Ho Value of H at downstream orifice
H: % or i’g‘ at feeding plane
h Bearing film thickness, dimensionless: I+ £ Cose , or in inch
k Adiabatic gas exponent
L Journel bearing length, frcm feeding plane to bearing end,
see fig. 3 - inch
L, Journal bearing length between feeling planes, see fig. 3 - inch
M Mass flow through one orifice - lbs.sec/in
My Total bearing mass flow - lbs.sec/in
Ms Dynamic bearing moment - lbs.inch
M’D Dimensionless dynamic moment, see eqs. (G.63) and (H.73)

m Dimensionless mass flow through one orifice, see eq. (A.ll)
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NOMENCLATURE (cont'd)

Dimensionless orifice mass flow when €=0

= [dm/i(g)]&o

Number of finite difference increments

Number of feeding holes in bearing

Running index

Gas film pressure, dimensionless: ™

P{psia)

Ambient pressure at end of bearing - psia

Supply pressure - psia

P (psia)

Orifice downstream pressure, dimensionless: e

Dimensicnless pressure in thrust btearing recess

Dimensionless pressure when €£=0

» or in psia

s Or in psia

Dimensionless first order pressure coefficient, see eq. (B.2)

Functions for use in finite difference equations, see eqs. (G.40),
(G.41), (H.37), (H.38)

2
Mass flow per inch - lbs.sec/in

= ./\.t\/rne
= AsVm,

, dimensionless mass flow in journal bearing

, dimensionless mass flow in thrust bearing

Journal bearing radius - inch

Outer radius of thrust bearing- inch

Inner radius of thrust bearing - inch

Radius of feeding plane circle in thrust bearing - inch

2 2
{(Gas constant).{total temperature) - in*/sec

r

Radial conrdinate in thrust bearing, dimensionless:

r{fncﬂ

=. R;

(inch)

Re , or in inch

dimensionless radial thrust bearing coordinate

Infinite series given by eq. (E.39)

Time - seconds



NOMENCLATURE (cont'd)

u“uz Bearing surface velocities, see figs. 1 and 2 - in/sec

U Dimensionless pressure function, see eq. (E.20)

u,w Circumferential and ax.al gas velocity in journal bearing - in/sec
u,v Radial and tangential gas velocity inm thyoust bearizng - in/sec
\ = PS/B, , pressure ratio

W Load of journal and thrust bearing - lbs

\AA Load of journal bearing outside feeding plunes - 1bs

\A/, Load of journal bearing between feeding plaues - lbs

\A/« Load inciuding effect of inherent compensation- lobg

\A/p Dynamic bearing load - 1lbs

\0/; Dimensionless dynamic load, see eqs. (G.%2) and (H.72)

Xy,z Circumferential,radial sad axial coordinates for jouraal

bearing, see fig. 1 - inch

v 4 Orifice flow coefficient
o Angular vibration amplicvde - radius
d”B o\+2‘ﬁ'-‘ Vit gri . see eqs. (G.18) and (G.19)
= b‘"]/‘h\{ , geometrical thrust bearing parameter
X = RC/ R2 , dimensionless inmmer radius of thrust bearing
5, Fourier coefficients for U , see eq. (E.21)
3 e , eccentricity ratio
£ Dimensionless vibration amplitude
§I§1 =z,/R , dimensionless axial coordinates fcr journal bearing, see fig. 3
g =2n a" , dimensionless x-coordinace for rectangular pad,

aprendix E

=L'/'0 , dimensionless length between feeding planes in journal bearing

m = R*/RC, dimensicaless outer radius of thrust bearing
] Adiabatic efficiency of orifice



NOMENCLATURE (cont'd)

e,é Circumferential coordinate in journal beariang, see fig. ! - radians

© Tangential coordinate in thrust bearing - radians

X = d/a , dimensionless coordinate for orifice in rectangular pad,
appendix E

M Gas viscosity - lbs.sec/fm2

vV Vena contracta coefficient of orifice

§ = L/D , dimensionless length outside feeding planes in journal
bearing, see fig. 3

g = t’/a . aspect ratio of rectangular pad, appendix E, see figs. 8 and 9

? Mass density - A_bs.Se:Z/ina

é = Lz’;‘-‘%)'(}%)z , frequency number

4] = al/dC , inherent compensation factor

T =Wt , dimensionless time

? Journal bearing attictude angle, see fig., 1 - radians

¢ Angular velocity of journal center - rad/sec

¢ =N 9/‘1 , dimensionless y~-coordinate for rectangular pad,
aprendix E

Ww Phase angle for tramslatory vibration, see eq. (G.62) and (H.72) - radians

(PM Phase angle for rotational vibration, see eqs. (G.63) and (H.73) - radians

'W(x) = gietadt , related error function

w Ang:xlar speed - rad/sec

w Trequency - rad/sec

AE Dimensionless axial increment in finite difference equation for
journal bearing

Ar Dimensionless radial increment in finite difference equation for

thrust bearing

buw(RY

A GOl (c)
bu No&d‘\/ﬁj_

RCS , feeding parameter for journal bearing

A 2 uNuVRT , )
v = RC; (H'ﬁ) , feeding parameter for thrust bearing

, bearing number
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